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Summary

This thesis describes an experimental study of relgsic electron scattering from
the 6°P,,, state of caesium. The present status of electmm-&ollision studies is

initially reviewed and the motivation behind therreunt work is then presented. A
description of the theoretical framework is subsedly provided in the context of
the present experimental study, followed by an we&r of the several theoretical

approaches for describing electron-atom interastighich are currently available.

The apparatus and experimental setup used throtigf®project are also described
in detail. Technical specifications and data avioled, including diagrams (where
appropriate) for a laser frequency locking systefectron gun and spectrometer,
atomic beam source and data acquisition system.eXperimental procedures are
explained and discussed, including a detailed aislpf the optical pumping

process required to excite the atomic target. Astsutitial component of this project
was to address several potential sources of systemaor and to reduce these
wherever possible. All of the errors and uncertagtelevant to the experiment are

discussed in chapter 5.

In chapter 6 the results of the present superelakictron scattering experiments are
reported for incident electron energies of 5.5e¥4e8 and 13.5eV, corresponding

to superelastic electron energies of 7eV, 10eVid&®/. These results are presented
as three reduced Stokes parametBrs,P,, P, and a coherence parameter,. For

comparison, predictions from a number of curreathgilable theories are presented



alongside the experimental results. Finally, cosiciais are drawn on this work in

the context of the current status of electron-aseattering from alkali-metals.
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1 Introduction

Electron-atom collisions are responsible for a widege of phenomena including
plasma interactions, processes that occur in gasdaand also interactions within
the upper atmosphere, to name but a few. By stgdgiactron-atom collisions we
can therefore hope to better understand these ggeseThis introductory chapter is
intended to review some of the previous experimema theoretical work which

were undertaken to achieve that goal. However llahia work has already been

reviewed extensively in the literature, only a éuill be given here.

A neutral atom, in the most general sense, consfsissmall, heavy nucleus which
is positively charged and one or more negativelgrgld electrons orbiting this
nucleus. A free electron colliding with this atonillvexperience a Coulomb force
due to the atomic electron(s). While the naturehef Coulomb interaction is well
known, the equations of motion, for even the sisiptase of an electron scattering
from a hydrogen atom, cannot be solved analyticdlig to the infinite range over
which the interaction occurs. Thus we can consalectron-atom scattering theory
to be characterised into two main problems (Buete al. 1971): defining the
wavefunction of the target; and modeling the Coulomteraction between the
projectile electron and the target. Early studiéselectron-hydrogen collisions,
many of which have been reviewed by Burke and S{di#62), provided the initial
test-bed for theory and experiment. This is duthéofact that, in the case of atomic
hydrogen, the target wavefunction is known exaatig this enables a clear focus on
the electron scattering interaction. Despite tlwgiaus theoretical advantage, atomic

hydrogen has long been an experimentally challengoattering target due to the



necessary dissociation of the hydrogen molecuteitstatomic constituents (Dixon
et. al 1978). It is not surprising then that this worksasoon extended to the more
experimentally favourable “hydrogen-like” targetdaan (Hertel and Stoll, 1974),
which can be accurately modeled with a single sbacorbiting an “inert” Hartree-
Fock core. More recently, it has been shown thatv€ment Close Coupling (CCC)
calculations for electron scattering from sodiurch@tenet. al. 1993, Brayet. al.
1994), lithium (Karaganoet. al. 1999), potassium (Stockmah al.2001) and, to a
lesser extent, rubidium (Hadt. al. 2004) are very successful in describing these
respective scattering processes. This observatiomgs us to the question of
whether heavier targets can be modeled using alasirapproach, or whether
relativistic effects must be included in an acceithieoretical description. Zemenh

al. (1995) have suggested that relativistic effects shouldniotuded in both the
target description and the scattering processderdor the theoretical predictions to
be correct, however no precise experimental datauoh a system was available at

that time.

The ultimate goal of any scattering experimentaigeneral sense, is to determine
the quantum states and the energy and momentunorseof the interacting
particles, before and after the collision (Beders669a). If the energy, momentum
and the complete set of quantum states is knowraltgparticles, then all of the
information for the system can be extracted by @Rperimentalist. However, in
practice a typical scattering experiment will aggraover one or more of these
parameters and some information is thus lost. Toerefor an experiment to be a
sensitive test of scattering theory, it is impottdwat it can yield as many unique and

independent parameters as possible. In order toridesboth the magnitude and
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relative phase of the scattering amplitudes, eaxlgeriments (see, for example,
Eminyanet. al. 1973, Rileyet. al. 1985) performed an analysis of the fluorescence
radiation after the collision, using so-called &lee-photon coincidence techniques
(see also Andersent. al. 1988). A further improvement came along with the
development of narrowband tuneable-wavelength $atigat enable the scattering
target to be prepared in a well defined excitedesttom which the electron is
superelastically scattered (Anderssnal. 1988). While the amount of information
extracted is essentially the same as for the easipcidence experiments, the
superelastic technique resulted in much highernextiagg count rates and therefore

better precision (MacGillivray and Standage, 1991).

Previous inelastic electron scattering experimevitis caesium had been limited to
measurements of integral and total collision ceession data (Chen and Gallagher,
1978, MacAskillet. al. 2002). While angle-differential cross sections Haekn
measured for other alkalis (see, for example, Hartd Stoll, 1974), this was not the
case for caesium until recently in the spin-resblexperiments of Bauret. al.
(2004). Interestingly, the recent absolute totabssr section data reported by
Lukomski et. al. (2005) showed some considerable disagreement hbetwee
experiment and current theoretical calculationsoat to intermediate energies. In
particular, they found significant disagreemerthat10eV electron energy, which is
the same energy that the preliminary superelasger@ments (Karaganoet. al.
2001) were performed immediately prior to this stufihose measurements were
later confirmed during the present project, andréseilts are presented in chapter 6
of this thesis. To date, comprehensive and comets of experimental data for

superelastic electron scattering from caesium In@tdeen available. Hence, one of
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the aims of the work outlined in this thesis isptwvide a complete set of spin-
averaged parameters for superelastic electronesicaftfrom the 6°P,, excited

state of caesium. In doing so the leading modeeorias developed and refined in
recent times can be tested alongside this expetahdata. The expectation is that
the current data will contribute to addressingdbestions on the role of relativistic
effects in electron-atom collisions and, more galierto be a useful aid in the

development of the theory.

In addition to the experimental work reported irstthesis, a review of some of the
common framework employed in any literature is detiain chapter 2. This chapter
also contains a brief discussion of the varioustiiical approaches to predicting
the scattering amplitudes for electron-atom cahsi Specifically a relativistic

distorted wave method, the convergent close-cogpiirethod and the R-matrix
approach are described. Finally some relevant éwpetal approaches are
discussed, with particular focus on the superelaséichnique. The current
experimental apparatus is presented in detail apwr 3, from the initial design to
any modifications made to the major componentsngumy experimental studies
and to some practical notes regarding working wébsium. A new laser frequency
stabilisation technique has been adopted for theuexperimental study, which is
considered to be a key improvement on previousmgaments. While modification

of the existing apparatus to produce a beam ofiwmegtoms was relatively

straightforward, it was noticed in previous work time Flinders group that the
technique for stabilising the laser frequency, Isyng a split photodiode and the
Doppler effect, was itself potentially unstable.isSThvas due to the fact that the

fluorescence intensity from the interaction regaepended on the polarisation of
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the laser, which was changed during the course @xperimental run. The solution
to this problem was to stabilise the laser freqyebefore the laser entered the
interaction region, using a saturated absorptiorctspscopy technique. This
approach was successful in maintaining the lasguiency locked to the desired
transition frequency to within a few MHz for as ¢pas 20 hours without failure.
Further detailed discussion of this arrangement lbarfound in chapter 3. The
optical pumping method employed to prepare theigaeatoms into a well defined
excited state for each of the measured parametedsscussed in chapter 4. This
chapter also includes some successful theoretiodkta which have been employed
for other alkali-metal targets and a review of jppag relevant studies into optical
pumping. Experimental procedures employed throughbe present project are
reported in chapter 5, including details of sevesighificant sources of potential
systematic error which have been addressed. A @mphalysis of the systematic
and statistical errors relevant to the data of ghesent experiments is also given
here. Finally, the technique which was utilisedatccount for the instrumental
angular resolution and finite interaction voluméeefs is discussed in chapter 5. The
results measured as a part of this study are prexbamchapter 6, both in graphical
form, alongside the predictions of a number of modeeoretical approaches, and
in numerical form at the end of the chapter. Cosiolus from this work are drawn in

chapter 7.
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2 Electron-Atom Collisions

2.0 Introduction

During an electron-atom collision any of a numbérpoocesses can occur. For
example, if the energy of the incoming electrohigh enough, it may lose some of
its energy during the interaction resulting in aibd electron from the atom being
ejected and the atom is said to be ionised. Inhenaicenario, the atom may emerge
from the collision with no excitation and accordinghe scattered electron energy
remains essentially unchanged. This type of collisis referred to as an elastic
collision. Another important process, which is tirae reversed equivalent of that
which we are concerned with for the present stigdihe inelastic collision. Here the
incoming electron excites a bound electron of ttwenato a higher eigenstate, and
the scattered electron energy is the differencevde its initial energy and the
energy of excitation for the atomic eigenstatendériest. As an example relevant to
the experiments reported in this thesis, considerexcitation of the first P-state of

caesium. Here we have an incoming electron losimgesof its energy to the atom,

with the outer-most electron bound to that atorm@peéxcited from its6°S,,

ground state to th&’P,,, excited state. The excited atom now rapidly undesg

spontaneous decay back to its ground state, egidtiphoton. The entire process is

summarised by the following reaction equations:
e(E) + Cs(6°S,,,) - e(E —1.45%V) + Cs(6°P,,)

Cs(6” Py,) - Cs(6* S;,) +y(L.45%V) (eq. 2.1)

whereE is the incident energy of the electron.
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Due to its rich hyperfine structure, the S-P traosi of caesium involves the
excitation of many degenerate magnetic subleveld,itais the relative populations
of these sublevels that determine the shape ofexoged atom and its angular
momentum. In order to understand the scatteringham@sm and describe the
dynamics of the electron-atom interaction, we nmaste a unified framework within
which the shape and angular momentum of the exaeitiech can be described. This
chapter therefore aims to briefly outline this feamork in the standard approach of
Andersenet. al. (1988), with particular focus on the specific ca$espin-averaged

inelastic electron scattering from caesium.

2.1 The Dendity Matrix

Following Blum (1981), a coherently excited atone.(ian atom which has been
completely prepared so that it is in a pure statm)er certain conditions of
symmetry, can be represented in quantum mechagieswavefunction which is a

linear superposition of basis staigs(Macek and Hertel 1974):

W)= ala) (eq. 2.2)

where the sum ovarrefers to a set of quantum numbers. In practicedbmplete
preparation of a system rarely occurs and thereitocannot be described by a
single-state vector. Due to this lack of knowledfi¢he prepared system, the system
must therefore be described as a mixture of st@@ssider a system which has been

incoherently excited, that is one which is a migtof independently prepared states

lw,) (n=1,2,...), with statistical weight3¥,. Such a system is conveniently

described, in thég) representation, by a density matyx where:

i =(@|og) =Y W,a"af"" (eq. 2.3).
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This system has certain probabilitied,,W,,... W, of being in the pure states
|@).|@)....|@) (Blum 1981). The matrix elements @f are<q‘"’a§”)m>, and the so-

called scattering amplitudes,, contain all of the information on the scattering

process. Clearly, in order to completely descritie $cattering process, all of the
density matrix elements for the excited state rbestletermined. The elements can

be interpreted as follows: each diagonal elememesgithe population of the
respective6’P,,, substates. The off-diagonal elements corresponcoberences

formed between the various substates.

One well-known experimental approach to gainingitioh information about the
collision system is to measure the scattering sitgnfrom the atom, i.e. the
differential cross section (DCS), as a functionh# scattering angle. Each diagonal
element of the density matrix can be consideredthas partial DCS for the

corresponding magnetic sublevel:

_ 2\ _ .
Pi -<‘a1" >—0(|) (eq. 2.4)
where o (i) is the partial DCS for th#" sublevel. Therefore, one can write the total

DCS for the system as the sum of the diagonal elesw# o
J:ZJ(i) =Trp (eq. 2.5).
i

and it can be seen that gives some information pertaining to the magnitatithe
scattering amplitudes, albeit averaged over thenetag sublevels. The important
physical information that is not provided hy is the phase of the each of the

scattering amplitudea , which is contained in the complex off-diagon@neénts of

the density matrixo . It is highly desirable to measure these elemeintise density
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matrix, as they give a complete description ofdblision process at a fundamental
level. This is possible, at least in principleaifi experiment is designed that can
select each specific excitation separately soawataging is avoided. Techniques of
this type are generally referred to as alignmedt@ientation studies, following the

early work of Macek and Jaecks (1971), Hertel aadl §974) and the more recent

reviews of Anderseat. al. (1988, 1995).

In order to describe the alignment and orientatibthe P-state, a suitable reference
frame must first be chosen. The symmetry of théistmh system suggests that the

frame be chosen so that it includes the scattgriage, defined by the incident and
scattered electron momentum vectdts and k. Three possible choices of

reference frames are illustrated in figure 2.1. &twmic frame has its»axis given
by the symmetry axis of the P-state charge cloutghvis also a symmetry axis for

the radiation pattern. The natural and collisi@nfes have their>and Z coordinate
axes parallel to the incident electron momentigm while the 2 and ¥ axes are

parallel to the direction of momentum transfer.

Following Blum (1981), we consider the particulase where the spins of both the

electron and atom are not known either before tar dhe collision (i.e. the spin

states are averaged during measurement). 1 state of caesium can be

described, in the collision frame, as a mixturstafes:

62P)” =al| 0)+af (|+1)-|-1)) (eq. 2.62)

62P)" =a| 0)+a(|+1)-|-1)) (eq. 2.6b)
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where the superscripts (s) and (t) denote singhet #iplet excitation with

probabilities of W® =1/4 and W" =3/4 respectively. In this case, the density

matrix is:

pP= <a+1a;>* <‘a0‘2>* <a0ai1> (eq. 2.7)

and the elements,

L = <a1- a;> = ZW(”)ai(n)ai('n)*
(eq. 2.8),

t)*

—3 1) 5( 1 (s)q(9*
=—a'’al’ +—a'va:

are an average over the singlet and triplet stdfese can assume reflection
symmetry of the P-state, the 9 matrix elementsaeda 3 independent parameters,
with several choices being available for these ipatars (Anderseet. al. 1988).
One such choice is the set of alignment and otientparameters.,, P, andy. In
the natural frame they are calculated in termshef density matrix elements as

follows:

(egs. 2.9).

These three parameters have the advantage thatetiae the post-collisional
electron charge cloud to be visualised in term&l@nment and orientation (see

figure 2.2). In this characterisatioh, describes the angular momentum transferred

18



Figure 2.1:Three possible choices of reference frames forrisg the pos-
collision Pstate. The superscric denotes the standard collision frann denotes
the natural frame and denotes the atomic frame. Each frame transfornesthm

other on rotation (figure is from Andersen et.285)

Figure 2.2:Parameterisation of the-state electron charge cloud in the natu
frame. The Pstate is described in tms of the angular momenturansferred

perpendicular tdhe scattering planeL ), the alignment angl€y’) and the relative

length(l), width (w) and height h) of the electron charge cloud (figure is frc
Andersen et. al. 1988).



perpendicular to the scattering plane,s the alignment angle after collision and
P_is the linear polarisation, given by:

|_
| +w

=

P =

(eqg. 2.10)

where | and w are the length and width of the post-collisionedceon charge
cloud, respectively. Experimental data is usualasured directly in terms of the
Stokes vector componeni, P, and R, a notation which has been borrowed from
the same terminology used in the description ohpstd light (Shurcliff 1966).

These three parameters can be measured directlgeaivéd from measurements of

the scattering rate in coincidence with a giverapsation of decay fluorescence:

5 10)-100)

1~ 1(0°) + 1 (90°) (eq. 2.11a)
_1(45)-1(135)
P, =
> = 45)+1(135) (eq. 2.11b)
| (RHC) -1 (LHC
P = ( )~ I( ) (eq. 2.11c)

> I(RHC) + I (LHC)
where 1(€°) denotes the number of coincidence events with therdscence

polarised in thed direction, whilel (RHC) and I (LHC) are the number of events

for right-hand and left-hand polarised fluorescencespectively. The Stokes
parameters can be related to the alignment andhtatien parameters by the

following:
LD = _53

PL=yRt+FR (eq. 2.12).

y =arg(, +iP,)

20



Here P refer to the measured Stokes parameters afteeatioms for hyperfine

structure effects (MacGillivray and Standage 199Ihese corrected Stokes
parameters are generally known as teeluced Stokes parameters, so as to

distinguish them from the parameters of equatiohs.2

2.2 Theoretical Approaches

The electron-caesium collision problem has reces@usiderable interest for many
years as a test-bed for describing the interadietween an electron and a heavy
target atom. It has provided several challengegpproaching a complete theoretical
description, particularly in the low to intermedianergy regime that is the concern
of the present experimental study. Early calcutetiemphasised the importance of
using a relativistic approach while truncating thi set of target states in order to
enable numerical solutions (Burke and Mitchell 19WAhlker 1974, Karule 1972).
While there was no experimental data for electraastum scattering at the time,
these theoretical predictions suggested that vedat effects were observable. This
theoretical work, and indeed most current theoaétiork, can be grouped into the
two broad categories of either distorted wave nusthar close-coupling methods.
The distorted wave approach is a first-order (orsome cases higher order)
improvement on the Born approximation, which assurtiegat the interaction
between the electron and the neutral target is W8akel’'man 1972). The first
improvement to the Born approximation, as madehieydistorted wave method, is
to include the distortion of the projectile electravavefunction due to the target
atom as a perturbation of the free-particle motBwy.contrast, the close-coupling
approach is a non-perturbative techniqgue wherely wavefunction for the

scattering system as a whole is expanded in tefrascomplete set of discrete and
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continuum states. The description of the scattgrnogess in this case depends upon
the terms that are included in the expansion, sty edbse-coupling calculations
were found to best describe low-energy collisiomsere the target excitation was
limited to the first few low-energy states. Howeifethe appropriate terms are used
in the expansion, particularly given the ever-iasiag computing power available,
the close-coupling approach can be extended toehigihergy collision systems
(Andersen and Bartschat, 2001). There are two itapbrassumptions that are
common to each of the theories that will be disedd®ere. Firstly, the caesium atom
is considered to consist of a single outer-shelttebn orbiting outside an inert core,
so that none of the 54 core electrons interacttyrevith the projectile, irrespective
of the incident energy. Secondly, the scatteringcgss is time-invariant, which
enables us to treat the superelastic scatteringepsoin much the same way as the

inelastic process.

The first published results for the angle-depend&inkes parameters for caesium
were a relativistic distorted wave (RDW) calculatioy Zemaret. al. (1993). The
RDW method is a relativistic approach, solving ieac equation within thej-
coupling scheme, with the target modeled by a woatl potential (Zemaset. al.
1994, 1997). As the distorted wave approach assuhgemteraction between the
incident electron and the target is weak, it ishpps not surprising that these
calculations for alkali atoms have been found toegally reach better agreement
with experimental results at forward angles andhiigher incident electron energy
(Karaganowet. al. 2002, Stockmaret. al. 1999). Results of several distorted-wave
calculations for electron-alkali atom collisionseareported in the review of

Anderseret. al.(1997).
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The convergent close coupling (CCC) theory, firstraduced by Bray and
Stelbovics (1992), approaches the electron-caesiggattering problem by
attempting a complete description of the targetrdi® and continuum states
through a finite basis set representation in a netativistic framework. The CCC
first defines the target Hamiltonian, which congiterms for the kinetic and
potential energy of the bound electron. In genanlj particularly in the case of
heavy atoms such as caesium, the term containiagctine potential must be
carefully approximated in treating the interactimiween the projectile electron and
the 54 core electrons as a whole. The CCC emplopMar&ree-Fock frozen-core

potential with the addition of a phenomenologiaaiecpolarisation (Bray 1994):
V, =V +y P (eq. 2.13).
Some examples of the techniques which can be apiéormulate the termg ™

and V™ are found in Bray (1994). The total HamiltoniaH,, for the entire

projectile-target system can now be establisheohtogducing similar terms for the
projectile electron, along with the potenti®}, describing the projectile-target

electron interaction:

H=K, +V,+K, +V, +V,,

=K, +V1FC +V1pol +K, +V0FC +V0po| +V,, (eq. 2.14),

where the bound and projectile electrons are djstghed by the subscripts 1 and 0,

respectively. The time-independent Schrédinger ggu#or the system is:
(E-H)[w)=0 (eq. 2.15)
where E is the total energy of the system ahd) is the total wavefunction

describing the motion of the projectile electrom dhe atomic charge cloud. For a
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complete description of the systefﬁ{) should be expanded over the complete set

of target states. In general, this expansion vélloler an infinite number of bound
and continuum states for an atomic target, whigtdgi an infinite set of coupled-
channel differential equations. In order to manigge problem computationally, the
CCC expands the total wavefunction onto a finitsibaet, whose eigenstates are
called pseudostates. These pseudostates are cbmsbat the entire set of target
states is represented by a finite set of N squdegpiable functions (Bray and
Stelbovics 1995). Thus the problem is reduced fmite set of coupled integral
equations, providing numerical solutions for thatsring amplitudes of the system
of interest. The numerical solutions are not eXaatyever they will converge to the

desired accuracy with increasing basis size N.

The R-matrix approach to the electron-caesium probis another close-coupling
technique where relativistic effects can be inctuderough the use of the Dirac
equation (Burke and Mitchell 1974), or alternatwehrough the Breit-Pauli
Hamiltonian (Scott and Burke 1980). These two apgines have been compared by
Bartschat (1993). The R-matrix treatment divides sleattering problem into two
well defined regions: the internal region, boundabgphere of radius large enough
to include the atomic target states and possibeudgisstates of interest in the
calculation; and the external region outside thHeesp where the target potential is
reduced to a weak long-range multipole potentialirkB and Scott 1996). The
solution at the boundary between the two regioaklgithe matribR, which leads to
the scattering matrixS whose elements are the scattering amplitudestHer
problem. In the recent Breit-Pauli R-matrix withepslostates (RMPS) method of

Bartschat and Fang (2000) the target was modeleal ¢igtic core potential, along
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with several additional terms accounting for spapeindent potentials and
relativistic corrections. The target structure @odipling between the discrete and
continuum states was treated through an expansitmeaofinite basis of 8 physical
states and 32 pseudostates. The basis was chosbatdbe pseudostate angular
momenta range from below the ionisation threshadwell into the target

continuum.

Numerical data for the reduced Stokes parametersléztron-caesium scattering,
from recent CCC (Bray 2006) and RMPS (Bartscha6@alculations, have been
kindly provided by Prof. Igor Bray and Prof. KlaBartschat. They are presented

along with the experimental results of the curpoject in chapter 6.

2.3 Experimental Approaches

As Bederson (1969a, 1969b) first noted in his EticThe Perfect Scattering
Experiment”, the goal of such a scattering expeninie to determine all of the
guantum numbers of the initial and final stateshef colliding particles, along with
the energy and momenta of the incident and scdtteetrons. That is, with respect
to the density matrix formalism, to determine thagmitude and phase of all of the
scattering amplitudes. For the case of an inelaslicsion experiment involving the
ground state of caesium, this would equate todintli a spin-polarised electron with
the spin-polarised ground state Cs atom, and miegstire exact final state of the
atom through analysis of the decay fluorescencepincidence with the detected

scattered electron. The process can be illustiatelde equation:

Cda)+e(B) - cda')+€B) (eq. 2.16)
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wherea, £, a' and 8’ describe the initial and final states of the etattand the

atom and are known exactly, along with their iniiad final momentum vectors.
Andersonet. al. (1997) have shown that a complete determinatiomllobf the
parameters in Bederson’'s “perfect experiment” isvemy complicated matter.
Nevertheless there is still much to be learnt fispin averaged experiments which
can measure the phase of the scattering amplitpaescularly now that there are

theories that can predict these amplitudes. Thisweathe case in 1969.

Consider now the time-reverse equivalent of thdasi& scattering experiment of

equation 2.1:

Cs(6°S,,) + y(L.455V) - Cs(6°P,;,)

e(E -1.45%V) + Cs(6°P,,) — &(E) +Cs(6°S,,,) (eq. 2.17).
Here the atom is first prepared to the excitedest#Ht interest through optical
pumping in a polarised laser field, before the tetecatom collision. When the
electron is scattered from the excited atom, ifisiohally de-excites the atom,
gaining energy equal to the energy of excitatioant¢ electron-atom collisions of
this type are generally referred to as being “selpstic’. Advances in tunable
continuous-wave (CW) lasers, beginning in the 187@nd in particular most
recently with diode lasers, have enabled superelatidies of a wide range of
atomic systems, including electron interactionshweibdium (Scholteet. al. 1993),
lithium (Karaganowet. al. 1999), potassium (Stockmai al.2001), rubidium (Hall
et. al. 2004), calcium (Law and Teubner 1995, Murray angj&nhovic 2003),
helium (Jackaet. al), chromium (Hanneet. al. 1993) and barium (Johnson and

Zetner 2005).
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The superelastic experiment provides exactly tmeesmformation as the inelastic
coincidence experiment, under the assumption thatscattering mechanism of
interest is invariant on time reversal (Andergtnal. 1988). There are, however,
several technical advantages to the superelastmoagh (MacGillivray and

Standage 1991). One such advantage is that disetiimn between the superelastic
signal and the lower energy elastic backgroundréghtforward, using a retarding

field-type electron spectrometer. Additionally, e diameter of the interaction
region is controlled by the laser beam (see se&i@b), it can be easily confined or
expanded from outside the scattering chamber wWith use of standard optical
instruments and without the need for adjustingatioenic or electron beams. Finally,
the number of accessible excited states of the @omeduced to a single photon-
induced transition, controlled by the frequencyirignof the laser, whose energy
resolution is much better than that which can beeaed with an electron beam. In
addition to this, the superelastic technique, @nldoincidence scattering, is not a
time-resolved process and therefore has a muchrfdsata collection rate. All of

these conditions ultimately lead to the superedasithnique yielding a higher

scattering signal than the equivalent coincideneasurements, for otherwise equal
atomic and electron beam parameters, therefordiegabbroader range of energies

and scattering angles to be studied.

Measurement of the number of superelastic eledoattering events as a function

of laser polarisation, for a given scattering anglelds the parameters:
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o= 1(0)-1@©0)

L(0)+190)

b =1 (45)-1(135)

> 1 (45)+1(135) (eq. 2.18)
5 = [(RHO) -~ I (LHC)

* I(RHC) + I (LHC)

where 1(6°) is now the superelastic electron scattering rate linear laser
polarisationd, while 1(RHC) and | (LHC) are the rates for the respective right-
handed and left-handed laser polarisations. ThanpetersP do not correspond

exactly to the components of the Stokes vectorgiggus 2.11) as optical pumping
effects must be included (see chapter 4). Spelijffichese effects are dealt with by

the so-called optical pumping coefficierksand K', where:

_ 1

H:EH

= 1

E _EPZ (eq. 2.19).
= 1

P = K’ P

K and K' thereby enable depolarisation during the opficathping process to be
included in the collision characterisation. Theusetl Stokes parameters in equation

2.19 are now identical to those of equation 2.12.

2.4 Coherence

Coherence can be characterised by the frame-indepeparameteP™, where:

P = \/512 +P°+PR% <1 (eq. 2.20).
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It is related to the separate singlet and triptettering amplitudes by (Andersen

al. 1988):

()]

+\2 s
(P*f =1-2| alPa® +aYal (eq. 2.21).

_Z‘
For a pure triplet or singlet channel, the P-stateompletely spin polarised and
P* =1. However, if there is no discrimination betweea #pin-dependent channels
an incoherent mixture of spin states exists andpdmameterP” will reflect the
phase relationship between the spin-averaged ameft, anda_,. In general, for
the spin-averaged experimen®” is positive and less than or equal to unity:

0< P" <1 (Anderseret. al.1988)

Even without any knowledge of the individual spiatss of the electron or the atom,
it is possible to gain some information on the roléhe spin-dependent processes.
Consider the coherence parameter with triplet andlet scattering amplitudes

converted into direct (D) and exchange (E) scatteaimplitudes (Kessler 1985):
+\2 2
(P ) = 1_3‘ a’a’ —aja; (eq. 2.22)

Equation 2.22 is only less than unity if the exd®scattering amplitudes,”, are

non-zero. Thus some information about the role xathange scattering can be

extracted from the spin-averaged experiment (Teudne Scholten 1992).
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3 Apparatus

3.0 Introduction

This chapter describes the apparatus employeceirléttron-caesium superelastic
scattering experiments discussed in this thesis.orlginal apparatus was designed
by Riley (1984) for the purpose of studying angwairelation functions in sodium.
Subsequent modifications by Scholten (1989), La98§), Karaganov (1997) and
Stockman (1998), have allowed experiments involveigctron scattering from
optically excited sodium, calcium, lithium and psgaum targets, respectively, to be
investigated. Some additional modifications weredenauring the course of the
present study, in order to meet the demands ofetbetron-caesium scattering

experiments, and these will be discussed in detait in this chapter.

3.1 Scattering Chamber and Experimental Arrangement

3.1.1 Vacuum System

The scattering chamber consisted of a large (76em & 82cm height) stainless
steel cylinder mounted on top of 2.5cm thick stssl steel base plate. It was
pumped by an Edwards Diffstak MK2 Series 160/700Rliiusion pump, backed
by an Edwards EDM20 rotary mechanical pump. A gefiated cold finger (-58),
positioned in the foreline before the rotary purmppevents oil from the diffusion
pump, or water vapour from the chamber roughingcgse, migrating into the
backing system. A pneumatically actuated butterflive was in place between the
scattering chamber and the diffusion pump. Theeatparatus was positioned on a
wooden platform, and was opened by raising the wih three hydraulic lifters

stationed around the outer perimeter of the chanfbschematic diagram of some
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of the major components of the apparatus is shawfigure 3.1. The chamber
pressure was monitored using a Granville-Philligsi€s 274 ionisation gauge,
while the backing pressure was monitored by a Ghtar®hillips Pirani gauge.
Typical chamber pressures were 1%XIXbrr, when the caesium oven was cold, and

2.5x10’ Torr with the oven at operating temperature.

3.1.2 Turntables

The electron gun and analyser could each be indepdly rotated in the scattering
plane by twin turntables mounted on a 15mm thic&sbrplatform, which was

connected directly to the base of the scatteringmtier. The turntables were
positioned so that they were coaxial with the ldsssm which was aligned to the
centre of the chamber (see figure 3.2). Each thiatavas constructed from brass
and moved freely atop a race of phosphor bronZebkatings. The scattering angle
could be varied by rotating either turntable malyugia helical gears. The angle
was monitored by a potentiometer on each geadigiglan estimated uncertainty of

better thant 0.2°.

3.1.3 Electromagnetic Fields and Shielding

For any electron scattering study it is crucial ttme experiments are performed in
an environment free of unwanted electromagnetiddielt was therefore essential
that the apparatus was constructed exclusively fram-magnetic materials. The
vacuum chamber walls were constructed from 310nists8 steel, which was
selected due to its low magnetic permeability. Biue of the chamber was also
lined with conetic shielding and an outer mu-metakld to reduce the presence of

any ambient magnetic fields. Electrical feedthraugimd cables were all shielded
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Figure 3.1: A schematic diagram of the vacuum appe and some of the major
components used in the caesium experiments (isocate).
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Figure 3.2: Schematic illustration of the experinatayout, as viewed from above
(not to scale). The laser direction is out of tlage.

33



and care was taken to ensure that all metal swfa@e maintained at ground
potential. Orthogonal pairs of Helmholtz coils, anesular (1.8m diameter) pair and
one square (2m x 2m) pair, were additionally seplimce to further negate the
vertical and North-South components of the ambraagnetic field respectively.
These nett field components were measured, usiSgheanstead Instrument Co.
Model DM2220 magnetometer, to be less than 5mGagh e€ase at the interaction

region. The East-West magnetic field componentfeasd to be negligible.

3.1.4 Cleaning

Throughout the experiments the entire vacuum sységuired regular cleaning due
to the corrosive and extremely hydrophilic natureaesium. Any residual traces of
caesium would tend to combine with water molecutes produce caesium
hydroxide, an undesirable product due to its dtglecand highly corrosive
properties. While strategies were in place to mis@rthe possibility of unwanted
residual caesium being introduced into the appayatuwas ever important to
perform regular and thorough cleaning of the sdatiechamber in order to
maintain good vacuum conditions and to prevent iptesslectrostatic charging
effects. These latter effects could, for exammad|to a serious deterioration in the

performance of the electron gun if left unaddressed

3.2 Atomic Beam

3.2.1 Caesium Beam Source

Caesium, with 55 electrons, is th® &lkali metal in the periodic table. Its only
naturally occurring isotopé>*Cs, is known as the most electronegative stablaimet

and, along with rubidium and potassium, it is hygfgactive. It is a soft metal with a
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shiny, silvery gold colour. Other physical propestiof caesium can be found in

table 3.1.

Safe handling of alkali metals in the laboratoryingperative and in the case of
caesium it is essential that the metal is not albto contact any surface, unless that
surface has been specifically prepared for the @sktact with air or water, as well

as many material surfaces, will lead to rapid otkagteat best and explosive fire at

Atomic Number 55

Atomic Mass 13291 u
Melting Point (STP) 28.40°C
Boiling Point (STP) 678.4°C
Specific Gravity (26C) 1.873 g crit
Effective Atomic Diameter 5.4 A

(Cs vapour)

Table 3.1: Some important physical properties @&stam (Weast 1981).

worst. The safe handling of alkali metals, alonthvéome good practical notes for
caesium-compatible materials at a range of tempestis documented in Mantell

(1958).

The relationship between the temperafliren Kelvin, and the vapour pressyrein
torr, of caesium is given by Nesmeyanov (1963):

log p =11.0531- 1.35logT —%41 (eq. 3.1)
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The oven used for the caesium experiments wasnatlgidesigned and built as a
lithium beam source by Karaganov (1997), and laed as a potassium beam
source by Stockman (1998). It was not necessamyetign another oven for the
present project because the materials used toroohghhe oven were compatible for

use with caesium.

3.2.20ven

The oven body and top were machined from solidksdaxf ingot iron A250, Grade
T with purity better than 98%. The two pieces @& tiven were bolted together with
a knife edge sealing directly onto a highly poldghsurface. The oven had 5mm
thick walls and an interior volume of 50&nA removable nozzle assembly allowed
for different types of apertures to be used and &s the oven to be reloaded
through the 1cm diameter orifice without unnecesshsassembly. Both the oven
and the nozzle were independently heated by THERMAX two-core heating
elements (type 2NcNc Ac20) wound around the ovedyland nozzle assemblies.
Employing this type of heating element ensured Istdéieating without magnetic
induction. A schematic diagram of the present ov@nshown in figure 3.3.
Approximately 2.6W (0.2A) was required to maint#ie body at about 120. The
nozzle was kept at a temperature *@igher than the body to prevent caesium
from being deposited within the nozzle and cloggihgThe oven and nozzle
temperatures were monitored independently with twahromel-alumel

thermocouples.

A number of heat shields were deployed around tles @nd nozzle to reduce the

amount of heat radiating into the chamber. Stasnkteel foil (0.05mm thick) and
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copper foil (0.1mm thick) shields surrounded botte tbody and nozzle. An
aluminium box also enclosed the oven to protect serounding apparatus
components in case of a leak, and to minimise tesgmce of any residual caesium

vapour in the chamber.

3.2.3Nozzle

The removable nozzle, having similar chemical rezjuents as the oven body itself,
was also constructed of ingot iron A250, Grade fie Drifice measured 1.5mm X
10mm and housed a multi-channel array construdtedsingle piece of corrugated
tantalum foil. Early experiments were performedhwite nozzle channels formed
from titanium foil, but after several hours of espoe to hot caesium the titanium
became brittle and failed to maintain its initialape. However, tantalum foil had
superior malleable properties and was compatibtd saesium vapour and so the

array was remade from tantalum.

The flow of caesium vapour through an aperturedgigtiinto a number of channel
arrays was modeled following the approach of Lut@88). Given the vapour
pressure of caesium from equation 3.1 and the gegprakthe aperture, practically
important parameters could then be extracted irerotd investigate a range of
suitable temperatures within which the beam sostuwuld be maintained. Figure
3.4illustrates the temperature dependence of theseraders for the nozzles tested
for use in the caesium superelastic experimentendttempting to produce a high-
intensity and well-collimated atomic beam it is adiageous to divide the output
aperture into a series of small diameter aperture@sder to improve the density of

the beam at lower operating temperature and to atdoeve a lower angular
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Figure 3.4:Practically important parameters of the caesiumroaad the atomi
beam as a furtiion of the oven temperature for two different g/pénozzl¢
divergence in the atomic beam. Lucas (1973) hasudsed the use of a focus
array, which reduces the angular width of the beminile increasing the bea
density. A severe limitation exs, however, in the case of alkali metals suc|
caesium in that the hot metal vapour would tendltg a focusing multichann
array. The same restriction was found to exisafapr-focusing multichannel arra

where the diameter, and therefore trtal number of channels for a given apert

was limited by how rapidly caesium and caesium caumps were deposited with
thenozzle. A compromise was therefore sought for tlogept and it was found th
by limiting the multichannel array to 8 chanr of 1.5mm diameter and ensuri
that the entire nozzle was always hotter than #@esiom reservoir the effectr

running time of the oven was approximately 100 ko@xperimental observatio



confirmed that the modeled data of figure 3.4 wareurate. Therefore the running
temperature of the oven was typically maintainedlB8C, in order to achieve
optimal atomic densities and a beam of low angdiergence, while maintaining a

reasonable caesium consumption rate of arourfcyt@our.

3.2.4 Collimator and Atomic Beam Dump

As shown in the results of figure 3.4, the caledatingular width of the atomic
beam as it emerges from the nozzle is still reddyilarge, so it was necessary to use
a collimator to restrict the beam to a narrow diegrce. This was important as it
was found that optimal optical pumping and thereftire maximum excited state
population of the caesium atoms required the priooluof a well collimated atomic

beam.

Doppler broadening of the transition frequency witthe atomic beam depends
strongly on the angular divergence of the beam. fdHewing description follows
the analysis of Karaganov (1997). Any velocity cam@nt of the caesium beam in
the direction of laser propagation results in aftsbf the effective transition

frequency due to the Doppler effect (Gerritsen ldiehhuis, 1975) (see figure 3.5):

Y .6 Y% . O
Vshied = Vo £ —iom S'”E) =V x —jtom sin— (eq. 3.2)
0

where v .., IS the Doppler shifted frequency, is the Doppler free frequency,

V.om IS the velocity of the atomic bearn, is the speed of light ané defines the

divergence of the atomic beam. The Doppler spreadhé effective transition

1

frequency should be smaller than the natural lindthwAv,, = 5
Vig

= 52MHz,
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Figure 3.5:The influence of the angular divergence of the adyaam on the
effective transition frequency of the caesium atdugsto the Doppler effect.
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Figure 3.6: Caesium fluorescence signal (upperéjaas a function of laser
detuning, showing a saturated linewidth of 40MHzlfie atomic beam produced
under typical operating conditions. Horizontal seé 75MHz/division, as
measured using the separation of hyperfine strectasonances, deduced from the
saturated absorption spectrum (lower trace) usirgaasium vapour cell.
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where 7 =30.7ns (Hansen, 1984) is the lifetime of the spPexcited state in
caesium. This condition maximises the number ofmatoundergoing optical
pumping. In practice, the high power of the lassuits in a power broadened or
saturated linewidth which is much wider (see fig@té). Thus it is desirable to
constrain the atomic beam so that its Doppler widtharrower than the saturated
linewidth:
% . 6
AI/doppler =2 zj;om sin_ = AI/saturated (eq. 3.3)
0

It was found that an atomic beam angular widthedfdy than 7.8was required for a

saturated linewidth ofAv =40MHz (full width at half maximum), laser

saturated —

wavelength A, =852346nm and mean atomic velocity ,,,=250ms* for an

oven temperature of 120.The atomic beam collimator shown in figure 3.7 was
constructed from stainless steel with a 3.0mm x 5.0mm apetuhe output end.
Angular divergence of the atomic beam was reduced t @otresponding to a
Doppler spread of 10.6MHz, which was well within the experimeeguirements.
The temperature of the collimator body was maintained at ar@i@doy a water-
cooled Peltier element, in order to ensure that excess caeapour was condensed
inside the collimator and not introduced to the surrounding apparatwaslalso
essential to protect surfaces of the apparatus from conthctheiatomic beam after

it passed through the interaction region (see section 3.2.5)brasg or stainless
steel surfaces which were exposed to caesium vapour tendedftly fwm an
oxide coating which could potentially become electrically ckdrgluring the
experiment. An atom trafsee figure 3.2was therefore designed in order to prevent

the surfaces of the electron gun and electron analyzer from bega@omtaminated
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Figure 3.7:A schematic illustration of the atomic beam collioraised in the
present experiments (not to scale), viewed in¢héering plane. Also illustrated is
the atomic beam intersection with the laser (thererction region). All lengths are

in mm.
with caesium, particularly when they were positioned in or tlearatomic beam
path. The present trap essentially consisted of a 30mm x l18opper plate
supported by a copper arm and positioned directly opposite the collimatput.

The entire assembly was cooled by the same Peltier elemgoyed for cooling

the collimator.

3.2.5 Thelnteraction Region

Due to the three-beam nature of the superelastic electabiersng experiments, it
was essential to have a clearly defined target scattexgign. This volume, which
shall be referred to as thieteraction region was defined as the intersection of
overlap between the atomic beam and the laser beam (sessf®j@d and 3.5). It was
therefore possible to control not only the volume, but also the praiton of the
interaction region by simply controlling the diameter and positfdhelaser beam.
Typically, the interaction region was confined to a volume of rB8nby restricting
the laser beam diameter to 3mm for a nominal caesium at@aio kivergence of

2.9.
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3.2.6 Operation

Special technigues have been developed for the safe handling epadapion of
caesium for study in the laboratory (see, for example Brothatol. (1962),
Mantell (1958) and Perel'man (1965)). The procedures employed in thenpres
experiments were developed from earlier work with alkali et Flinders
(Karaganovet. al. 1999) along with the handling methods of Brotherain al.

(1962).

Caesium ingot was supplied for the present project in convenienglg-slg
ampoules surrounded by fire-retardant packing in a steel canisteas necessary,
when loading caesium into the oven, to hold both the oven and &latitding tools
under an argon environment. This was required in order to prevemimagem
oxidising before the oven was placed inside the scattering chanbezvacuated.
Working within the argon filled dry box, the metal was warmedppraximately
35°C (see table 3.1) so that the entire contents of an ampoule coulehdity
transferred, by teat pipette, through the nozzle aperture anthentaven reservoir.
With the nozzle replaced, the oven was then sealed and carefuiferred from
the dry box and secured inside the scattering chamber. An argaiomjéte inside
the scattering chamber to the atomic beam collimator ensurethéheeservoir was

held under inert conditions until the chamber could be evacuated.

A typical reservoir temperature of ’@resulted in a partial pressure of 3.5810
torr (Nesmeyanov, 1963) and an atomic density of ~3xt6ms/cm (see figure
3.4) at the interaction region. This temperature was maimtaifoe each

experimental run. It was found that lower oven temperatures wesldtrin a
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reduced superelastic count rate due to lower target densitye whgher
temperatures would consume the small sample of caesium tadlyrapinder
optimal conditions, 1g of caesium would last for up to 100 hours of tqeravhich
was one of two limitations to the duration of an experimerdal The other
limitation was, in spite of our precautions, the tendencythernozzle to become
clogged with caesium, thus reducing its performance, afteategpeheating and
cooling of the oven and many hours of operation. A summary of théigalgc

important characteristics of the atomic beam apparatussempted in tabld.2.
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atomic beam

mean velocity of atoms 250 m.§

density of atoms at the interaction region 3x 10 - 5 x 1§ atoms.crit
beam divergence (FWHM) 2.9

Distance from the collimator to the 35 mm

interaction region

caesum oven

oven material ingot iron A250 grade T
capacity 50 cn?

operating temperature 120°C

approximate running time over 100 hours

removable nozzle

nozzle materials ingot iron A250 grade T, tantalum fo
aperture diameter 1.5mm

aperture length 10 mm

operating temperature 160°C

collimator

length 125 mm

aperture 2.5 mm x 5.0 mm

operating temperature -8°C

Table 3.2: Atomic beam parameters of practical ingoace.
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3.3 Electron Gun and Spectrometer

3.3.1 Electron Gun

An electron gun, originally built by Scholten (1989) for superelastiattering
experiments with sodium, was successfully used throughout themesgperelastic
experiments. Prior to its implementation in the current projeetas modified by
Karaganov (1997) for superelastic scattering from lithium andr lased by
Stockman (1998) for studies on potassium. The current version of thie glhown

in figure 3.8.

The electron gun was constructed as a series of elecitdstages from the data of
Harting and Read (1976). The lenses were fabricated as dsosOfdi5mm thick
molybdenum shim, with each element separated by 1mm thick ringsaobr
(machinable ceramic) and 310 stainless steel tube. Theusgse spacers and
deflector assemblies were stacked between four macor suppartisgnd pulled
together with two retaining rods. A Pierce stage extraetiedtrons from the
indirectly heated cathode and lens L1 focused them into a bednorg#o the
collimating apertures A1 and A2. Two sets of four-plate defleqtiods and D2)
were employed to guide the electron beam through the gun. Voltagie dimal
lens system L2 and final deflector D3 were adjusted to fudblimate and direct
the beam onto the interaction region. Zero beam angle att#radtion region was
an important criterion that was maintained throughout the presgetiments, with

the aid of a pair of Faraday cups, as described in section 3.3.2.
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Figure 3.8: Schematic diagram of the electron gl Ecale).

The electron source consisted of an indirectly heated barium watiode
(Centronix, Model 1/2 C60-490 6.3 600-E-D-100). The cathode voltagapyed
directly to the molybdenum cap on which the oxide was coated. yjfaof cathode
has an operating temperature of less then AM0O@hich corresponds to a minimal

electron thermal energy spreabE

herma = 038V (Simpson 1967). However, a
problem became apparent when it was discovered that a contactigdodists
between the cap and the oxide coating, causing a shift bethveapplied voltage

and the electron beam energy. This problem, along with the calibristhnique

that was employed to overcome it, is discussed further in s&8dn

3.3.2 Electron Beam Char acteristics

A pair of concentric Faraday cups was in place to monitor #atreh beam current
and profile. The cups were constructed of brass, with eacmeahined to a knife
edge and the entire cup assembly surrounded by a copper sheklurfdce of each
cup was coated with a graphite coating to facilitate the ragorval of any build-

up of electrostatic charge. The Faraday cup assembly wast@tdoon an aluminium
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stand which could be positioned at a convenient location withinstldtering

chamber, usually at a reasonable distance from the intaraegion.

Both the diameter and angular divergence of the electron bealch be determined
by observing the inner cup current as the beam was scannediacfbssbeam was
scanned either by rotating the gun turntable or alternatively dpysteng the
potential across two of the deflector plates on the finakdeft D3. Given the inner
Faraday cup diameter of 4mm the angular resolution of our diveszge
measurements was approximatety Typically, the beam diameter was 4mm and
the angular divergence ranged from°4a67eV to 2.5at 15eV, which ensured that
the beam was larger than the interaction region. Electram loeirrents were around
0.1uA at 7eV and03pAat 15eV. Once a stable beam was produced at a given
energy, the electron gun was usually left running for many houwpeartition and it
was generally found that stability improved further with runninget While each
cathode normally had a lifetime of well over 100 hours of dmerathey were
rendered inoperative after exposure to atmosphere once actitade it was
standard practice to dismantle and clean the gun after &pehiraental run and to

replace the cathode.

3.3.3 Scattered Electron Energy Analyser

The superelastic electron scattering project required a methwot @nly detecting
superelastically scattered electrons, but also discrimgahem from the lower
energy elastic and inelastic scattered electrons. Thaliregafield analyser (RFA)

originally designed by Scholten (1989) was found to be well suitethisrtask.
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Figure 3.9: Schematic diagram of the present ratagdield electron analyser (1:1
scale).

An RFA consists of an electrostatic lens which essentiatydes an image of the
interaction region onto a detector, while rejecting electimeiew a well- defined
threshold energy. The RFA which was used throughout the preseminexmps is
shown in figure 3.9. This RFA’s full acceptance an@lewas measured to be about
21°, which was adequate for the current experimental geometry. rbted that,
since the RFA is designed to reject elastically swadteelectrons, the only
requirement with respect to the acceptance angle was thaisitvide enough to

view the entire interaction region.

The retarding voltage placed on each lens element was adjosteder to achieve
maximum energy resolution. In practice this was accomplished pyatedly
scanning the analyser reference voltage across the dlastshold and observing
the elastic cutoff curve measured by the detector. The weolégplied to each
aperture Al, A2, A3 and to the front of the channel electroniphatt (Vcond Was

optimised in order to produce a cutoff curve closely resemblitgpafgnction. The
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energy resolution of the analyser could then be determined kratiffating the
cutoff curve and measuring the full width at half maximum (FWH¥the resulting
peak. A typical elastic cutoff curve and the correspondabgctron energy
distribution are shown in figure 3.10. In addition, typical analysptimised
potentials are shown in table 3.3. A channel electron multipG&M, Mullard
B318BL) was used to detect electrons above a nominated endrgy) was set

using the retarding voltages of the electrostatic lens.

3.3.4 Data Acquisition

Pulses produced from the electron analyser were amplified by arEOR13
preamplifier and ORTEC 460 delay line amplifier. It was ssaey to discriminate
the pulses from low level background noise and this was accoexplisfing a
single channel analyser (ORTEC 551). Finally, each pulse ovaged and recorded
via a multifunction 1/0 board (National Instruments PCI-6024Bunted in a PC
using National Instruments LabVIEW software, developed asopdnis project. A
schematic diagram of the electron scattering data atiquisipparatus is shown in

figure 3.11.

3.3.5 Electron Beam Energy Calibration

The electron beam energy was selected by applying a voltegglylio the cathode
cap. Since electrons were emitted from the surface of an ozmaténg on the cap, it
was soon realised that the beam energy would depend not only onthbéeca
voltage, but also on the contact potential between the oxide andph&he contact
potential itself varied from between one to two volts and gdpeatapended on the

operating temperature of the cathode, and therefore thexpdddiment current, as
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gﬂfg;t eectron fy, o) [A1v) [A2(v) A3 (V)
5.56V 1 X x+1.0 X +3.5
8.5eV 1 X X +0.8 X +5.0
13.5eV 1 X x+0.4 X+ 8.0

Table 3.3:Typical optimised anaser potentials (in Volts) for various electr

energies. ‘X’ denotes the RFA reference pote
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Figure 3.11:Schematic of the electron scattering data acquoisisystem.

well as the history of the cathode itself. A calibration pdoce was therefore
employed to compare the apparent beam energy with a known featorder to
determine the oxide cathode contact potential at any time duriegperiment. The
so-called b-feature in the excitation function of metastabén (Buckmanet al.
1983), at 16.91eV, was used as the standard for each energy calilfattoa
electron beam. A nozzle situated near the chamber wall prodgubedm of neon
atoms directed at the electron analyser, which was sempletely reject electrons
and instead detect only metastable neon atoms. The electr@y evees scanned
using the electron gun programmable power supply in order to medsare t
excitation rate of metastable neon atoms in the neon bearfuastian of electron
energy. This procedure was independent of electron gun positiordaadp the

compatibility of neon with caesium, could be conveniently perforaiedny time
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during a superelastic scattering experiment. The uncertairitg iartergy calibration
procedure was estimated to be typically006eV. The equivalent Stokes
parameters were observed to be highly sensitive to eleatengye(see chapter 6)
and hence it was particularly important that the beam eneagyknown and fixed
throughout a series of measurements. Typically the electron leeangy was

calibrated before, after and at various stages throughout anregpél run in order

to eliminate any possibility of drift in electron energy. lmshcircumstances the
cathode contact potential was found to be constant, indicatinthtéhatectron beam
energy was stable for many hours of operation, provided tloanstant cathode
heating current was maintained. A summary of the main opeshttbaracteristics

for the electron gun and electron analyser is given in table 3.4.
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electron gun

extraction type

cathode type

cathode operating temperature

thermal energy spread

Pierce stage
barium oxide, indirectly heated
1000°C

0.3 eV

electron analyser

type

detector

focusing, retarding field analyser

channel electron multiplier

typical electron beam parameters
typical beam current at 10eV

typical beam divergence at 10eV
(FWHM)

200 nA

3.0

Table 3.4: Electron beam source and detector patarse
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3.4 Laser System and Optics

3.4.1 Diode Laser Source

It is crucial to have a frequency stabilised source of leg#ation so that an atomic
target can be prepared in a well defined excited statehéomhole period of an
experiment. In the case of the caesium project it was asoathle to have a
continuous-wave, narrow bandwidth, frequency tunable laser which wastabl
operate reliably at 852.346nm. A tunable single frequency extenddg daode
laser (TuiOptics DL100) successfully met these requirements was used
throughout the project. The system consisted chiefly of an extendéy zser
diode in a Littrow grating arrangement (see Demtroder 1996)whstdriven by a
regulated DC power supply (TuiOptics DCC100) and temperaturdistabby a
thermoelectric element (TuiOptics DTC100). A piezoelecteenent attached to the
Littrow grating was driven by a separate supply (TuiOpticd®(, which was
interfaced to the DCC100 supply via the DL100 backplane bus. Thus bgltogt
the angle of the grating with respect to the diode end facete wimultaneously
tuning the diode driving current, the laser could be frequencyltand modulated

with minimal mode-hopping.

3.4.2 Frequency Stabilisation

A feedback signal was required to lock the laser frequendyetaésired transition
in caesium. While the hyperfine energy level splitting in 8&,,, excited state is a

few hundred Megahertz, the Doppler broadening due to the vetbisttjbution of
atoms at normal room temperature is much wider, resultingpénekcited state

hyperfine structure being unresolved. Therefore a technique empDgimgjer-free
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spectroscopy was required in order to provide a frequency depeneeibiad&
signal which was sensitive enough to maintain the laser freguat a specific
hyperfine transition. The technique commonly known as saturated absorpt

spectroscopy was chosen for this task.

The detailed principles behind saturated absorption spectroscoppdmveeported
elsewhere (see for example Demtroder 1996) and therefore liwsihg description
of the technique will be limited to a practical perspectikesmall portion of the
plane-polarised laser beam is directed at beam splitter 8ifigsee 3.12) toward
the saturated absorption apparatus. Weak reference and probs, leeminating
from S2 and S3 respectively, are then separated from the peenp dnd propagate
through the caesium vapour cell. The pump beam is directed thiloaiglapour cell
such that both pump and probe beams overlap spatially, but propagate irieoppos
directions. If the laser frequency,,, corresponds to a resonance transition of
caesium then those atoms in the path of the pump beam wglutged into the
upper level of that transition, leaving a smaller populatibatoms residing in the
lower level. It is important to note that the caesium vapoomathave a range of
velocities given by their Maxwell-Boltzmann velocity distrilout, and any atom
with velocity v, in the direction of propagation (defined as the z-direction) \eill b
pumped due to the Doppler-shifted laser frequency in the franhe ofidving atom:
W= tkv, (eq. 3.4).
When the much weaker probe beam is directed along the samebp# in the
opposite direction to the pump beam, it will detect a dsesear saturation, in

absorption only for the group of atoms with velocity component 0. Thus, by
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Figure 3.12: Schematic diagram of the frequenchiitation experimental setup.

measuring the probe beam intensity while scanning ther Fasquency, one can
detect a sharp resonance due to an atomic transition, exaleding all atoms that
are not moving in the plane perpendicular to the pumppaoioe laser propagation.
When the full Doppler spectrum of the reference beamhgattied from the probe
beam signal something closely resembling a Dopplerdiemrption spectrum is
revealed (see figure 3.13). By monitoring the saturatedrphbon signal on a digital
oscilloscope, the laser frequency could be tuned to theedeg@ak. However, as
mentioned earlier, an active feedback system was requiredier to ensure long
term frequency stability. Accordingly the saturated gitsmn signal was fed to the
laser lock-in (TuiOptics LIR100), which mediated thetpaus of the current and
scan controllers of the laser, correcting both for any teng frequency drift and
vibrations. Typically, within stable laboratory condiis, the laser frequency could

be held precisely to the desired transition for as k48 hours.
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Figure 3.13: Saturated absorption spectrum ford¢hesium B transition. The
Doppler-free spectrum (lower trace) is obtainediirthe subtraction of the
measured reference beam intensity (upper trace) fie probe intensity (middle
trace). Note that not all peaks correspond to asition; so called cross-over peaks

(Demtroder 1996) occur between every pair of rescegeaks.

3.4.3 Polarising Optics

The superelastic experiment required a polarimeter whictcagable of accurately
producing linearly polarised light at any angle or deidy polarised light of either

helicity, without addition or removal of any optical compats. This would ensure
that a complete set of equivalent Stokes parameters beutdeasured in a single
experimental run. Such a polariser was first reported bgdéarowet. al.(1996) and

this same polarimeter was employed for the presentwraesiperelastic scattering
experiments. It consists of two identical zero-order tguawave plates (Melles
Griot 02WRQO007) mounted in rotating stages, run by stepper motors (SLO-
SYN MO061) which are driven by computer control. This mgement enabled
changes in the polarisation axis to withi#n0.3°, while maintaining the same

alignment and intensity of the laser beam. The arrange@eng with the relevant
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configurations for each of six polarisation states, istihisd in figure 3.14. The
polarisation of a beam of light can be convenientlgcdbed by four independent

parameters, as first established by Stokes (1852):

S= (eq. 3.5)

Each of the parametelS, can be determined from simple measurements (Shurcliff
1966):

S, =1(0°) +1(90°)

S, =1(0°)-190°)

S, =1 (45°) - 1 (135")
S, = [ (RHC) + 1 (LHC)

(egs. 3.6),

where 1(¢) represents the intensity of the component of lighh weiectric field

vector oriented afy® for linearly polarised light or left handed or righartded
orientation in the case of circularly polarised light noted LHC or RHC
respectively). Within this treatment it becomes clear thatharacterises the total
radiation intensity, whileS and S, characterise the degree of linear polarisation of
the beam. SimilarlyS, indicates the degree of circular polarisation. In the case of

monochromatic light, only three of the four parametgesindependent. By making

use of the formula:

(%} +[%j +(%} =1 (eq. 3.7),

the degree of linear polarisation can be determined by,
o (s) (s .3.8
Slnear [SO j + [ S) j (eq )
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Figure 3.14: Polarimeter consisting of two quarteave plates. Six different
polarisation states can be achieved by selectiegotientation of each plate, as
shown in the table. The laser beam is initiallyehnly polarised, oriented at’0

and the degree of circular polarisation by,

— 53
S ircular — eq . 39 .
Circu S ( )

Thus the degree of polarisation can be determined by esimpasurements using a

polariser and power meter at any point along the beam pat

It was found that imperfect laser polarisation resultednaccurate experimental
results for the caesium superelastic scattering experiméfde setting up an
experiment, the final polarisation state of the lasembeas measured for each
configuration of the optical components. Typical measuetdes for the linear and
circular polarisation components were 0.9995 and 0.9998ectigely. As an

example, for the case of linear polarisation, this indicaresundesired circular

component of/1-09995 = 0.032. Further investigations attributed the polarisatio

errors to a combination of three sources: the ngénce of the vacuum windows,
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the tolerance of the two quarter-wave plates B#1/250 (Melles Griot

specification) and the tolerance of the rotatingges & 0.3°). The influence of

these uncertainties on the experimental resuttss@issed in chapter 5.

3.4.4 Fluor escence Detection

A photodiode detector was installed on a side wiwad the scattering chamber,
parallel to the laser beam axis and in the scateplane, so that the optical
pumping performance of the laser system and thaiatbeam could be determined.
A photographic zoom lens (Tokina ATX-828(SD) fodahgth: 80-200mm) was
employed in front of the detector to magnify theage of the interaction region. An
analysing polariser (Newport 05P109AR) placed atterlens enabled polarisation

analysis of the fluorescence radiation.

3.4.5 Additional Optical Components and I nstrumentation

Some additional optical components were employemgithe path of the laser
beam, in order to improve experiment operationatddmns. These included a
Glan-Taylor polariser immediately before the patater, which effectively

removed any elliptical component of the beam duetiections from the mirrors. A

circular iris aperture was also employed in orderehsure a symmetrical beam
profile. Since the interaction region was definedtlae intersection of the atomic
beam and the laser, this variable-diameter apegis®@ enabled the volume of the

interaction region to be controlled.

Other essential instruments which were requirecbutiinout the experiments
included a wavemeter (Burleigh WA20), capable ofaswging wavelengths to an

accuracy oft 0.001nm. A spectrum analyser (TechOptics SA2) was asssull for
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viewing the laser mode structure. A variable at&orubeamsplitter (Newport
50G02) and a set of neutral density filters (OriwBre further used in order to

control the laser intensity. A summary of the cotr&aser system parameters is

provided in table 3.5.
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laser diode

model

threshold current

typical operating current
mode-hop-free scanning range

Littrow grating

SDL5411-G1

15 mA

94 mA

10 GHz @ 84 mA, 20.7C

1800 lines/mm

frequency control

feedback system

lock-in

saturated absorption spectroscopy arrangen

TuiOptics LIR100

hent

polarimeter

quarter-wave plates

Stepper motor/rotation stage

Melles Griot 02WRQO007,
+ A /250 retardation tolerance

SLO-SYN MO06, 0.2 degree/step

typical laser beam parameters
output power
operating wavelength

beam diameter

64 mW
852.346 nm

3 mm (Gaussian profile)

Table 3.5: Summary of the laser system parameters.
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4 Optical Pumping

4.0 Introduction

Caesium has a single naturally occurring isotdpi&s, which has a nuclear spin

angular momentum ol =7/2, while the valence electron has a total angular
momentum o'J =1/2 and J = 3/2 for the 6°S,,, and 6°P,,, states, respectively.

The interaction between the nuclear spin and tleetmin angular momentum

produces a hyperfine structure which is illustraitedigure 4.1. Each energy level
within the hyperfine structure is labeled by theamogum numberF =34 and

F = 2345 for the 6°S,, and 6°P,, levels, respectively, and each hyperfine
energy level is further divided ini2F +1 degenerate sublevels. The convention of
representing the ground state quantum numbers amitover-bar (egF ) will be

used throughout this chapter to distinguish theelownd upper level quantum

numbers.

Optical pumping is a well established technique nehg an atomic target can be
prepared in a well defined quantum state througpeated excitation and
spontaneous decay using polarised light. Experisnasitearly as the 1950s (see, for
example, Franzen and Emslie, 1957) demonstratschtghly effective method for
atomic orientation with the alkalis. Since suchlyearork, progress and refinement
in spectroscopic techniques along with better aaftesources of light have enabled
optical pumping to become one of the most powetddlls in the superelastic

experiment.
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4.1 Preparation of the Caesium Tar get

In general, the superelastic experiment requirestable two-state atomic target.
Absorption of resonant radiation tuned to tl6°S,,F =4 - 6°P,,F =5

transition by the ground state caesium atoms mesnolta fraction of their total
population being excited to the upper state. Inpifesent superelastic experiments,
the diode laser system is frequency-locked to taissition (as illustrated in figure
4.1). Provided the frequency of this transitionmsll-resolved with respect to the
surrounding hyperfine structure, light-induced #&lae excitation occurs only within
these two energy levels. The excitation procedfits governed by the following

selection rules under the dipole approximation €salan 1972):

AL =+1
AF =0,£1, AM, =0, whenM #0
AF =x1 AM_ =0, whenM . =0 (egs. 4.1)

AL =%1
AF =0,x1
AM_ =+1 (egs. 4.2)

for transitions induced by circularly polarised hiig During the subsequent
spontaneous decay the emitted light can have alayigation, so that the selection

rules are relaxed:

AL =+1
AF =0,£1
AM. =0,+1 (egs. 4.3),
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Figure 4.1: Energy level diagram for théS, and 6Ps, states of caesium,
including hyperfine level splitting (in MHz, notsoale) and magnetic sublevels
(represented by boxes labeled by quantum numbkgerNWimerical data is due to

Gerginov et. al(2004).

with the notable exception of the dipole-forbidcM =0 — M =0 transition

when AF = 0. The approximate time taken for a single atom iwithe atomic

beam to traverse the laser fieldt =12us (from the data of tables 3.2 and 3.5),

while the lifetime of the P-state 7 =30.7ns (Hansen 1984). Thus many cycles of
excitation and decay will occur within the atonrartsit time through the interaction
region. Some examples of these allowed transitaoesillustrated for the caesium
states of interest in figure 4.2. An immediateesbation that one can draw from
this picture is that, after several cycles of eattin and decay when optically

pumped with right-handed (or left-handed) circylgyblarised light, the target will

tend to occupy only the highest subleveF =4, M_=4 . F=5M_=5

F=4M_=-4. F=5 M, =-5). The sublevel distribution for the case of
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Figure 4.2:Examples of some allowed transitions between g &=4 and 6Ps,
F=5 sublevels in caesium, as induced by (a) lineadlarised and (b) right-hand
circularly polarised light. The subsequent decansitions are also shown. Each

magnetic sublevel is labeled in boxes by magne@antym number M

optical pumping with linearly polarised light istres obvious, but it is clear that the
M. =5 and M. =-5 sublevels are not accessible in this case anctM. =0
sublevel will be favoured with a higher probabiliBrovided that the laser is tuned

to the 6°S,, F =4 - 6°P,, F =5 transition and the saturated linewidth is much
narrower than the adjacent hyperfine splittinghef 6°P,,, state, the F=4 and F=5

levels of the upper state are well-resolved. Comsetly the6°S,,, F =3 level of
the ground state is effectively removed from theioghp pumping process and
hyperfine depopulation trapping, which has beermkmdo introduce considerable
complications in studies of the lighter alkalisr(lexample, see Karaganet. al.
1999 and Stockmaet. al. 1998), cannot take place. Given the relatively enid

separation of the upper state hyperfine structurihis study 25IMHz separation
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for the 6°P,,, F =4, F =5 hyperfine levels, see figure 4.2), it was expedteat

this condition could be achieved for the typicaltusated linewidth of

Av =40MHz after power- and Doppler- broadening (section43.2. This

saturated
expectation was confirmed experimentally, by mamtp the decay fluorescence
intensity and polarisation as a function of atoin&am density. From the data of
figure 4.3, the variation in the degree of fluoessme polarisation was found to be

negligible for atomic densities of up to’i@toms/cri

4.2 Theoretical Models of the L aser-Atom Interaction

The first quantum electrodynamic (QED) descriptiéthe interaction between light
and a two-level atom was by Ackerhalt and Eber87d). They extended Lorentz’s
ideas on classical radiation damping, solving Mdksvequations for the classical
electromagnetic field along with the Heisenbergatigm for a fictitious two level

atom and a zero-spin one-electron atom, predictadjative corrections to the
lifetimes, line shapes, exponential decay and Lamits. McClelland and Kelly

(1985) took a more direct approach for the soditmma solving the optical Bloch

equations for the elements of the density matrikeyl reduced the number of
coupled differential equations from 400, for thes2fite sodium problem, to 38 by
making several approximations. The sodium optiaaihping problem has since
been solved using a full QED model by Fargtllal. (1988). They later formulated
this work in terms of experimental observables i@lhaet. al. 1991) and for the

general case of elliptically polarised light (Vaeoet. al. 1999). It was shown that
the optical pumping coefficientK and K' could be measured directly in a

superelastic electron scattering arrangementyinstef the polarisation of the decay
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In-plane decay fluorescence polarisation vs. oven temperature
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Figure 4.3: Decay fluorescence polarisation meadureer a wide range of caesium
oven temperatures, illustrating the stability o thptical pumping parameters for
the atomic densities required for the present projatomic densities at the

interaction region range from approximate2x10° to 1x10*°cm?® across the
entire indicated temperature scale (see also figud.

fluorescence, by:
K=P (eq. 4.4a)
K'=PR, (eq. 4.4b),
where B, is the linear polarisation of the decay fluoressemeasured in the
scattering plane, normal to the scattered elean@ttion, ancP. is the degree of

circular polarisation measured normal to the sdatieplane.

4.3 Optical Pumping Coefficients

In a superelastic electron scattering experimeatsttattering rate is measured as a

function of the laser polarisation, which in turetermines the quantum state of the
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target atoms. Unfortunately, in practice it is rmissible to prepare perfectly
polarised laser light and in general the polamsathust be considered to have some
degree of ellipticity. Thus the relative hyperfisgb-level populations for the target
will reflect the specific conditions of the expegnt. In correcting the equivalent
Stokes parameters so that they allow for thesecappumping conditions, the

optical pumping coefficientK andK' can be employed, where:

— 1

P].:KP].

= 1

E _EPZ (eq. 2.19).
— 1

P3: Kr P3

Here P are the Stokes parameters measured directly flemstattering rates

(equation 2.18) anP are the so-called reduced Stokes parameters |geehapter

2). The optical pumping coefficients incorporaté a$pects of the target state
relevant to the collision dynamics and can takeranes between 0 and 1, where 1
indicates complete pumping into the excited hyperfistate. They have been
calculated for other alkalis (e.g. Farretl al. 1991, Hallet. al. 1996) and can be
measured directly from the polarisation of the geftaorescence. Throughout the
present project, the optical pumping coefficierasdhnbeen measured directly using
the method of Scholteet. al. (1993): namely, a telephoto lens was installedidat
the chamber in order to magnify an image of therattion region, viewed within
the scattering plane through a vacuum window whics perpendicular to the
superelastic scattered electron momentum (chapteiTtds image was passed

through a linear polariser, aligned either para(|jl or perpendicular ) to the
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scattering plane, onto a photodiode detector, wisageal F ) was amplified and
recorded. The measured line polarisation:

p = FII -k

L —F” +F, (eq. 4.2)
yields information on a wide range of experimemarameters, including laser
polarisation, intensity, frequency detuning anc\Width, the atomic beam density
and divergence, and the laser-atom interaction stimehe circular pumping
coefficient, P., is the degree of circular polarisation of thegédis decay
fluorescence measured normal to the scatteringeptamthe axis of the pump laser.
Such measurements have been performed experinyefiitallexample see Scholten
et. al. (1993) and Hannet. al. (1993)), however the associated uncertainty in the
measured data is usually large. In the past, itole@s shown th¢P. is practically
independent of experimental conditions with the egtion of very weak laser
intensities (Farrellet. al. 1991). Within the present project, various attesmut
deliberately misalign and shield the fluorescenetector from the laser did not
result in P, being significantly less than unity. Consider liewed values oP,,
combined with eq. 2.6:

P, =&S_1 (eq. 4.3),

I

and the data of figure 6.3 and table 6.3, whickegjia maximum measured value of

P, =-0.9016+0.0190, at 60 scattering angle and 15eV superelastic energy.

Additionally, the measured values P, at 10eV superelastic energy, from figure 6.1

and table 6.1, yield:

=P
P, = —% <10415+0.2189 (€q. 4.3).

[
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This implies thatK'=>1.0415+0.2189 and K'=0.9016+ 0.0190 for these two

energies, which in turn indicates that the coedfit P, is indeed very close to unity.

Thus, throughout the superelastic scattering ewyaris reported in this thesis it is

assumed the R, =1, and therefor K' =1.
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5 The Caesium Electron Scattering Experiments

5.0 Introduction

This chapter discusses the method by which theapnaged Stokes parameters for
caesium were measured using the superelastic @lestrattering technique. The
experimental geometries are described and the meaeat and analysis procedure
is outlined. Finally the inherent statistical angstematic uncertainties are
considered, with particular focus on their influerand limitations on the measured

data.

5.1 Experimental Geometry

The reduced Stokes parametePs, P, and P, were measured in a series of

superelastic electron scattering experiments peddr at a number of different
electron energies and over a wide range of scadtemgles. The geometry for the
experiments was chosen so that all of the Stokesnpeters could be determined
without changing the path of the laser beam. Thalent laser beam was normal to
the scattering plane, which was defined by thetelacgun and detector axes. The
electron gun and detector were each mounted onragepandependent rotating
turntables which were coaxial with the laser beaee (figures 3.1, 3.2). An optical
guide above the top window of the scattering charmalbewed the laser alignment to
be checked when necessary without opening the ofarilhe electron gun and
spectrometer were aligned by using a removableegtodposition each respective
aperture at corresponding radial and vertical postwith respect to the chamber
axis and the turntables. This alignment, essewntitfining the scattering plane, was

checked each time the apparatus was prepared foexparimental run. The
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alignment procedure resulted in the laser beingabto the scattering plane, within

an estimated uncertainty af 05°. This uncertainty was assumed to be negligible,
particularly following a full treatment to correfadr the effects of the finite angular

resolution and interaction volume of the experineet section 5.4.2).

The experimental geometry shown in figures 5.1 &2l enabled the electron

detector to be fixed at up to four different pasig.0°, 45", 90° and135 . This not
only allowed for a wide range of scattering angtebe accessed, but also permitted
the experimental results to be examined for comscst and reproducibility.
Separate measurements for positive and negatitesog angles, or for the same
scattering angle with different analyser positicould be compared in order to
determine the influence of external static fields ioegularities in the laser

polarisation.

5.2 Experimental Procedure

The reproducibility of the experimental data dephdtrongly on the energy of the
electron beam (see figure 5.3) and the correctrigal#gon of the laser radiation. The
electron beam energy was thus calibrated beforeadted each experimental run
using the procedure described in section 3.3.8nsure that the electron gun final
cathode potential was set to within0.1eV of the intended incident electron energy.
The degree of laser polarisation for each polaematrangement (see figure 3.14)
was measured above the upper window of the saajteshamber, before each
experiment, using an analyser and photodiode aetethe primary purpose of this

routine check was to ensure that the performane¢keopolarimeter did not become
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Figure 5.1: Experimental geometry (not to scale).
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Figure 5.2: Electron gun and analyser angular piasis (not to scale).
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Figure 5.3: CCC calculations (Bray, 2006) for treduced Stokes parameter as

a function of scattering angle for superelasticcéien energies of 7eV, 10eV and
15eV. Features of particular interest are the zemassing point and each extrema,
all of which are strongly dependent on the elecearrgy.

influenced by minor drifts in laboratory tempera&ueand also to correct for any
casual misalignment. Typical polarisation data frahese measurements was

provided in chapter 3.

The Stokes parameters were measured in the sanfierreach individual scattering
angle. The scattering angle was set manually tatingt the electron gun turntable,
while the data acquisition, laser beam shutter pathrimeter were computer-

controlled. The decay fluorescence line polarisa(B, ), indicating the degree of

orientation of the caesium target due to opticahping, was recorded fop =0’
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linear polarisation before and after each set ohsueements. This procedure was

then repeated for each scattering angle.

A typical single-angle experiment consisted of meag the superelastic electron
scattering rate over 10 seconds for seven intersadcorresponding to each of the
laser polarisation states and a final interval Whicas an elastic-only background
count with the laser field removed by the beam telhuhe measured superelastic
signal, I, was the difference between the total measurechtcrate, S and the
background count rate with the laser &f,

| =S-B (eq. 5.1).
This process was repeated for a number of cycldatdd by the magnitude of the
superelastic scattering rate and background c@tet Typical signal to background
ratios ranged from 20:1 to around 3:1, dependinglentron energy and scattering
angle. As an example, a typical run could be forc§fles and each of the final
number of superelastic counts over the entire 16lesy for a given laser
polarisation, is substituted into the formula of. é418 in order to obtain the
appropriate Stokes parametels, P, and P,. Total data acquisition times for a
single angular set of measurements ranged from i20tes to 9 hours. Therefore
this approach of measuring the entire set of pEaAéion-dependent scattering rates at
short intervals in repetition was crucial in ordieobtain the complete set of Stokes
parameters in the same run, without the influericeng time-dependent drift in the

experimental conditions.

After collecting scattering data in the form of ®Btkes paramete , P, and R,
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corrections were made for the optical pumping coomals through the parameteks

andK' (see section 4.3), yielding the reduced StokeametersP,, P, and P;:

11(0)-10©0)

K 1(07)+1 (Q07)

5 - 11(5)-1(135)

> KI1@5)+1(135) (eq. 5.2).
5 = 1 I(RHO)-1(LHC)

* K'I(RHC)+1(LHC)

P=

Usually several measurements were performed forpamiicular scattering angle,
using rotated and/or reflected geometries to deternthe possible influence of
static charge build-up on the interior chamberae$ and, in particular, to check
for the influence of the unavoidable ellipticity thfe laser polarisation (see section

5.4.3).

The final step in the experimental determinatiorthef reduced Stokes parameters
was to combine the separate measurements, witkedotnd reflected scattering
geometries, at each angle using the weighted nuearufa of Taylor (1982):

N —
> w,P
5 — n=1

N
2 W,
n=1

]

(eq. 5.3),

where P is the weighted mean of each of theéndividual measured valueB,,

weighted by the factow, = (0P,) %, where(dP,) is the relative uncertainty for that

measurement. This formula enables a mean value textracted from all of the
available data, weighted accordingly so that timalfidata takes into account the

uncertainty of each of the individual measurements.
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5.3 Statistical Uncertainties

In any experiment, a counting measurement is stfjjespme statistical uncertainty.
If the events that are being counted are indepénd&rihe number of events
occurring immediately beforehand, and do not ocsimultaneously, then the
process can be accurately modeled by Poissontsmt{Snyder 1975). Following
Barford (1967), the number of events governed bigdéo statistics, when counted

repeatedly over the equal time intervals, will gial number of counts that varies by

no more thany N , whereN is the mean number of events that can occur witlah
interval. The statistical error in a count Nfevents within some time interval is

therefore given by:

AN =N (eq. 5.4)
and consequently the relative statistical error is:

N_ 1 (eq. 5.5).

NOUN

This result reveals that the relative error in @oynting measurement decreases
with the number of counts. For the case of the slastic experiment, the relative
statistical error decreases with increasing scatteséectron count rate and
acquisition duration. From equations 5.1 and 3.5 clear that each of the Stokes
parameters depend on both the superelastic sigiathee background signal, each
measured at separate time intervals. A full treatroéthe propagation of errors in
this case is given in the Appendix, leading to ttaistical uncertainty for each of
the Stokes parameters as functions of the measbtsivables:

_ 1 '
f’PK—[

——12(S, +B,)+12(Syo + Byo)

+|Pd<|j (eq. 5.6)

(I +|9o)
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4 |
\/I 1235(845 + B45) + I 55 (8135 + Bl35)
(145 * 1135)

— 1
dDZ :F[K

)

+|P26K|j (eqg. 5.7)

4

\/I L2Hc (SRHC + BRHC) +1 éHC (SLHC + BLHC) (eq. 5.8).

(I RHC + I LHC)
Finally, the statistical uncertainty in the coheemparameter can be represented in
terms of the paramete, P, and P,, and their corresponding uncertainties:

1

Pr=—
P

(rom|+ [P +|PicP)) (eq. 5.9).

5.4 Systematic Uncertainties

5.4.1 Scattering Angle

The scattering angle was defined throughout them®xgnts as the angle between
the scattered electron trajectory and the inciéédtron beam. It is the independent
variable in the present study, therefore it is @uthat this angle is measured
carefully and correctly. Standard procedures wenpleyed to align the electron
gun and analyser turntables by optical and mechbmeeans, however this
approach was not satisfactory to determine the mem® scattering angle. This
follows as the electron trajectories may each deépem localised magnetic and
electrostatic fields which must be investigatedhwetach experimental run. Initial

measurements for small positive and negative soajteangles enabled th@,

maximum até = 0° to be used as a calibration feature. Additionaltg, symmetry

in each of the Stokes parameters could be emplaydarger scattering angles to
check for any possible offset in the scatteringl@nginally, the rotated scattering
geometries discussed in section 5.1 enabled anatheck for alignment and

consistency in the scattering angle measuremehtsug@hout the present study, the
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total systematic uncertainty in the scattering angkeasurements was found to be

less than+ 0.2°.

5.4.2 Angular Resolution

An ideal electron scattering experiment consistarotlectron analyser with energy
and angular resolutions which are very small, atarget which can be regarded as
a point-like scattering centre. In a real experimbowever, one cannot assume the
angular resolution to be negligible and therefdre &angular-dependent parameter
should be treated as an average over a finite rahgeattering angles. This finite
angular range is determined chiefly by the angtild of view of the electron
spectrometer, the angular divergence of the eledieam and the volume of the
scattering target. One aim of the caesium supeiekgeriments was to reduce this
angular range to a minimum, within practical limigsnd also to accurately measure
this total angular resolution quantitatively, atlealectron energy, for subsequent

data analysis.

Theoretical calculations are generally performedtfie ideal conditions: the target
interaction volume is considered to be a singlenppand the angular resolution is
negligible. There have been several studies omthence of the angular resolution
and finite scattering volume on angular dependemtipeters, most notably by
Mitroy et. al. (1987), Zetneet. al. (1990) and Beckeet. al. (1992). Zetneet. al.

(1990) explored the effects of a finite scatterim@ume on superelastic electron
scattering experiments with barium, in an approabich included a treatment for
both the unresolved in-plane scattering anglestm@ut-of-plane effects due to the
finite scattering volume. They observed that thiguence of the finite scattering

volume on the electron scattering experiment wastnpronounced at small
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scattering angles, confirming the earlier obseovetiof Registeet. al.(1983). The
experimentalist can attempt to predict the inflleeatthe scattering geometry by the
use of a convolution transform, which folds theotfetical scattering parameter with
the differential cross section and a function tredtects the angular uncertainties
particular to the apparatus. Consider a scattep@gmeterP, ideally being a

function of scattering angl@, measured by an electron scattering experiment. In

practice, instead of being able to measB(é) directly, we measuréP) which is

the parameteP , weighted by the differential cross sectiognand averaged over the
range of uncertainty of the scattering angle, otand out of the scattering plane.
This uncertainty in scattering angle is determingd both the experimental

arrangement and the characteristics of the instnisritbemselves. The convolution
formula of Mitroy et. al. (1987) can be used to represent the output of such

measurement:

P)= (I@))=(l(ay)) _ (Po)OH (eq. 5.10),

((a))+(I(ay)) oOH

where o represents the differential cross section &hdepresents the uncertainty
in scattering angle due to all experimental andrumsental conditions. In many
cases, particularly in the superelastic experingese for example Sarey. al. 1994,
Stockmanet. al. 1999 and Karaganoet. al. 1999), the interaction region can be
contained to a small volume and thus the out-ofiglacattering can be considered
to be much less significant than the in-plane ¢$fetn this case,H can be

substituted by the instrument functioh(&), of the apparatus. This reduces the

convolution formula to (Mitroyet. al. 1987):

ipy = (PO)N _ [ dgh(6-¢)P(e)a(e)
ath [ den(6-g)ale)

(eq. 5.11).
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When solving equation 5.11 numerically, the lim@s integration in the above
formula can be truncated to a range which suffityerepresents the width of the

instrument function:

_ [, 9¢n(6-0)P@)o(y)
[ doh(e-g)o(e)

(P(©))

(eq. 5.12).

The instrument function is itself a convolutionaohumber of angular dependent 3-
dimensional functions that characterise the expamial geometry. Specifically for
the case of the present superelastic experimésnstrument function is:

Ch Ch

h(6) = h (eq. 5.13),

el.beam el.analyser scattvol.

where each of the functions on the right-hand sideq. 5.13 represent the angular

characteristics of the apparatus (see figure $4),.., iS a function characterising

the electron beam angular divergence, weightedhiey spatial intensity profile,

h is a function characterising the angular resofutid the electron analyser,

el.analyser

weighted by the spatial response, dnd, ., characterises the spatial distribution of

the excited caesium atoms. In practice, each cfettianctions cannot be known
exactly, but must be approximated in some way. €ntignally, these functions can
be accurately modeled by Gaussian functions, irthvbase the FWHM of the total

instrument function can be derived from eq. 5.b8{lie present experiments:

— 2 2 2
Aaall - \/Aael.beam +Aa +Aa

el.analyser scattvol.

(eq. 5.14)

from the respective FWHM of each individual Gausdianction. The divergence of

the electron beamAa was estimated by direct measurement throughaut th

el.beam?
superelastic experiments, whereas the angularutesolof the electron analyser,

Aa and the scattering volume)a were estimated from the

el.analyser? scattvol. !
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Figure 5.4: The electron beam divergence, electoalyser angular resolution and
the angular uncertainty due to the finite scattgrumlume, all of particular interest
when determining the instrument function of theaapfus (diagram not to scale).

experimental conditions and geometry (see chaptand section 5.1). Typical

values ofAa., were found to be:

all

Aa, =|[(45)% + (44)* + (26)% = 68 (eq. 5.15)

for 5.5eV incident electron energy, and

Aa, =\(25)+ (44')* + (26')? =57 (eq. 5.16)

for 13.5eV incident electron energy.
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The results reported in chapter 6 of this thesgscampared with relevant theoretical
predictions which have been folded numerically gdine convolution formula of
eg. 5.12 in each case. The integration was periwmoenerically using a modified

Simpson method, and the appropriate Gaussian mstrufunction of FWHM due
to eq. 5.14. For illustration, a typical plot ofetheduced Stokes parametgy,

calculated using the CCC theory of Bray (2006),obzfand after folding is

displayed in figure 5.5.

5.4.3 Laser Polarisation

Even with the angular resolution and extinctionifations of the polarising optics
carefully considered and minimised (see sectioi, &4 additional small elliptical
element was introduced with the laser beam paskioggh the glass window of the
scattering chamber. While the chamber windows wmatrlly isotropic, they were
inevitably subjected to strain when the scatterhgmber was evacuated. This
strain resulted in the windows being slightly biregent when the experiment was
under operating conditions (Born and Wolf 1980)wés difficult to measure the
extent of this effect directly, due to the factttliee analysing photodetector was by
necessity located outside the chamber, which inted a second window in the
beam path. Scholtest. al. (1999) investigated the influence of imperfectelas

polarisation on the scattering density matrix amel teduced Stokes parameters. It

I

was shown that some generalised reduced Stokemetis, P', measured with

imperfect laser polarisation, can be representettidgquations:

5'2 KllPl +K12P2

1 1+K1353 (eq. 5.17a)
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Figure 5.5: Convergent Close Coupling calculati@rgy 2006) of the reduced
Stokes paramete, (dashed line), alongside the same calculationddi(olid

line) with the differential cross section and a Gsian instrumental function .8
(FWHM). The superelastic electron energy is 7eV.

51 — K22P2 +K21Pl (eq 5 17b)
2 = o R
1+ k55
— K33P3 +K32P2
3~ (eq. 5.17¢),

1+kR
where the coefficientss,,,, are the effect ofP, and P, influencing the P/
measurementsy,, ,, are the effect o, and P, influencing theP, measurements,

and similarly x5, ,, are the effect o, and P, influencing theP, measurements.

For small imperfections in polarisation, we caneotpall of the coefficients to be

small, except fork,, ,, 53, Which will be close unity. For practical applicats, it

was found that for small polarisation ellipticithe circular polarisation contribution
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to P, and P, due toP, could be determined by measuriRgon both sides of zero

scattering anglei.e. for both positive and negative angles). For all tbhe

measurements reported here this contribution wasd@o be small when compared
with the statistical uncertainty, even for angléseve P, was large and therefore the

circular polarisation contribution was at a maximurhis process was, however, an

essential check to ensure that the polarisatioiptielty was reduced to the

experimental limit. It is also worth noting thaethontributions due t® and P, on
P, were found to be negligible by the equivalent pss; so it was assumed that
similarly the contributions due t® and P, on each other were also negligible.
Some characteristi®®, values from measurements either side of zero esuagt

angle are shown in figure 5.6. In practice, thalfivalue of P, was taken as the

average of the positive and negative angle valoesdch scattering angi, using

the procedure outlined in section 5.2.

5.4.4 Electron Energy

The energy of the incident electron beam was miaiedaby a potential on the oxide
cathode of the electron gun. This was provided ByOaV-precision programmable
power supply, as described in section 3.3.1. Dubdovariable contact potential of
the BaO cathode (see section 3.3.5), the beangyemexs calibrated against the b-
feature in the excitation function of metastableomet regular intervals. This
procedure was undertaken both before and after egorimental run in order to
maintain the desired incident electron energy. Thermal energy spread in the

incident electron beam was approximately 0.3eV (Siom 1967), while the
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Figure 5.6: Comparison between measured value® efith positive and negative
angle geometries, for scattering angles néat, where P, (and therefore its
contribution to P, due to any small elliptical component to the tgs@larisation) is

large. The superelastic electron energy is 7eV.
estimated uncertainty in the beam energy, dueda@ttergy calibration method, was
a much smallert 006eV. Therefore the total error in the electron egedye to

each contributing factor, was estimated to betless + 0.3eV.

5.5 Summary of Experimental Uncertainties

The total uncertainty in each of the reduced Stgk@mmmeters measured by the
superelastic electron scattering technique repoe@ consists of a significant
statistical error, determined directly during dataguisition and analysis of each set
of measured data, and a systematic error whiclhasght to have a much less

significant influence on the final results. For ewde, the influence on the
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experimentally determined reduced Stokes parameders to the uncertainty in
electron energy, depends strongly on the scattengie and in general cannot be

known exactly. However, the maximum uncertainty wastimated to be

AP, < 0.054 (see figure 5.3) and less than this value A®% and AP,, which

generally each have a somewhat smaller dependemcelestron energy. The
influence of the uncertainty in laser polarisation the final data has been
eliminated where possible, by the averaging tecieidescribed in sections 5.4.3

and 5.2 and elsewhere can be assumed to be smal.worth noting that this
assumption is particularly valid for the paramef®r which has a much lower

sensitivity to laser polarisation ellipticity. Combd with its lower sensitivity to

angular resolution effects due to its smooth stmagtparticularly at small scattering
angles compared t® and P,, P, is perhaps the most favourable parameter to

measure from an experimentalists point of view. Bughe difficulty in accurately
reporting systematic uncertainties which have siang and varied dependence on
the scattering angle, a great effort has been nwadeduce these systematic effects
and, once these were minimal, to include only thgéstical uncertainties in the final
results. This is the case for all of the experirakrgsults reported in chapter 6. The
uncertainty in scattering angle is estimated t&h@wn to better tharx 0.2° in all
cases, and has not been included in the plottedtsas the interests of clarity for

the reader.
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6 Experimental Results and Discussions

6.0 Introduction

In this chapter the current experimental resulés @esented for a complete set of
spin-averaged Stokes parameters and the coheremameterP*, for the 6°P,,,
state in caesium, after electron impact de-exoiafior superelastic energies of 7eV
and 15eV. Additionally, the spin-averaged StokesupeterP, is presented for the

10eV superelastic energy and compared with thdtsestia previous experimental
study. The data presented in each case span a cdrggattering angles from 5
degrees to 135 degrees. For each energy, the exqreal data are compared with
the predictions of a CCC theory and an RMPS thewryich were described

previously in chapter 2. Predictions from an RDWaty, kindly provided by Prof.

Bob McEachran, are also presented for the 10eVrslgstic electron energy. The
data from both the CCC and RMPS theories are uighda and have been

generously supplied by Prof. Igor Bray and Proaud Bartschat.

6.1 Results

The experimentally determined spin-averaged Stpkeameters and the coherence
parameterP™”, for electron-caesium superelastic scatteringpagsented in figures

6.1 to 6.3 and also in numerical form (tables 6.6.8) at the end of the chapter. The
error bars represent plus and minus one standanatid®, calculated using the

procedure outlined in chapter 5. The theoreticé gaesented in figures 6.1-6.3 are
folded with the relevant differential cross-secti@s calculated by the respective
theories, and the instrumental function reflectimg experimental angular resolution

at the relevant energy, as described in chapti#rshould be noted that, in general,
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for the reduced Stokes parameters the folding piireehas negligible influence for
all but the very forward angles, where the difféia@ncross section is largest. The
coherence parameter is predicted by theory (Bré@g2Bartschat 2006) to be close
to unity P* =1, for all scattering angles, if finite experimentalgular resolution

effects are neglected. It is important to note et the inclusion of finite angular
resolution produces some structure in the coherpa@meter. This structure should
not be misinterpreted as being due to exchangeesicat effects (see section 2.4).
The data contained in the reduced Stokes paramea@rslso be reinterpreted in

terms of the alignment and orientation parametaeugh equations 2.12, whereby

the parameter®, and P, contain the information on the linear polarisati®p, and
the alignment angley, of the P-state electron charge cloud aRdis related

directly to the angular momentum transfer perpandico the scattering plang,,:

L,=-P, eq. 6.1.

10eV / 8.5eV

A series of preliminary superelastic electron sratg experiments were performed
at 10eV superelastic electron energy (8.5eV indigéttron energy) by Karaganov
et. al, prior to the current work reported here. Thislyeatudy, while originally

planned to be a preliminary survey, was found tcdmpletely reproducible. The

present results that confirm the earlier valueshefreduced Stokes parametey;

are displayed in figure 6.1 and table 6.1. Note tina complete set of spin-averaged
reduced Stokes parameters for the preliminary surae10eV electron scattering
from caesium can be found in Karagarev al. (2002). In this case, each of the

RDW (McEachran 2001), RMPS (Bartschat 2001) and ¢B@y 2001) theories
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Figure 6.1: Present reduced Stokes param@&ger measured using the superelastic

technique @), alongside the earlier experimental data of Karagaet. al. (2001) (
A). Also shown is an RMPS calculation of BartscB80(Q) ¢---), a CCC

calculation of Bray (2001)— ) and a RDW calculatioihiMcEachraret. al(2001)

(—). The scattered and incident electron energiesldr eV and 8.5 eV,
respectively.

accurately predict the scattering parameter fowdod angles € < 30°), however
the CCC is clearly superior at describing the b&havfor 50°<8<100°. For
scattering angles greater thd9(°, both the CCC and the RMPS provide an

adequate description of the scattering process.

7eV [ 5.5eV

The current experimental results for 7eV superelad@ctron energy are shown in
figure 6.2 and table 6.2. In their graphical fotimey are compared with a 24-state
RMPS calculation from Bartschat (2006) and a feliywerged CCC calculation

from Bray (2006). The data span a wide range oftes@ag) angles from 10 degrees

through to 135 degrees. For the reduced Stokesngéeas P, and P,, there is a
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suggestion of some significant disagreement betwkerexperimental results and

the predictions of both theories, particularly atermediate angles around 40

degrees and for backward scattering angles inabe ofP,. The apparent failure of

the CCC, to accurately describe each of the mirim&, at 40 degrees and 110
degrees, is likely to be due to an incomplete digtson of the target core potential
(Bray 2006). In contrast, the parametBr shows a quite remarkable level of

agreement with both the RMPS and the CCC thecrites.experimental data in this
case can be perceived to marginally favour the G, the exception of the zero
crossing point at approximately 87 degrees, whbeee RMPS predictions are in
closer accord with the measured data. There algmeamp to be a minimal
disagreement between experiment and both thedrett@ulations in the coherence

parameter, although it is barely significant tohwtthe experimental uncertainties.

15eV [ 13.5eV

The results from the experimental study at 15eVegseipstic electron energy are
summarised in figure 6.3 and table 6.3. In thisecdle lower magnitude of the
differential cross section at backward angles &ahithe angular range to forward
and intermediate angle scatteririj:< 6 < 90°. Once again, the predictions of fully-
converged CCC (Bray 2005) and 24-state RMPS (Baats2005) calculations are
compared with the experimental results in figur®. @.he agreement between the
CCC calculation and the experimental data is esnelfor each of the reduced
Stokes parameters and the coherence parameterrtwistely the experimental
results did not reach beyond the 90 degree samjtesmingle, where the only

observable difference in structure exists betwéenRMPS and CCC theories for

the parametel,. The plot of P, confirms that the RMPS calculation has perhaps
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not achieved complete convergence with a 24-statgoatation, while the CCC has

accurately predicted the shallow minimum at 70 edegr The experimentally
determinedP, parameter is found to be in almost perfect agreeméh the CCC

calculation across the entire angular range.
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Scattering

<d§§rge'§s) E | R |
10 -0.1775 0.0127
15 -0.2883 0.0183
20 -0.4719 0.0479
25 -0.6530 0.0686
30 -0.8861 0.1285
35 -0.7709 0.0624
40 -0.9268 0.0764
45 -0.8621 0.0946
50 -0.6679 0.0803
55 -0.4769 0.0869
60 -0.4912 0.0760
65 -0.2733 0.0626
70 -0.2623 0.1119
75 -0.0219 0.1075
80 -0.0400 0.1371

85 0.3220 0.1097
90 0.2658 0.1618
95 0.4426 0.1841
100 0.7808 0.1926
105 0.7071 0.1379
110 0.8462 0.1926
115 1.0128 0.1764
120 0.7500 0.1747
125 1.0415 0.2189
130 0.8846 0.2420
135 0.6692 0.2221

Table 6.1: Present reduced Stokes param@eand its experimental uncertainty,

as measured using the superelastic technique. ddtéesed and incident electron
energies are 10 eV and 8.5 eV, respectively.
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Scattering _ — _ — _ — .
N B T R S B o N B T A N
10 -0.0612 | 0.0687 | -0.7548 | 0.0721 | -0.2045 | 0.0188 | 0.7845 | 0.0797
15 -0.7114 | 0.0468 | -0.4607 | 0.0470 | -0.2538 | 0.0127 | 0.8847 | 0.0658
20 -0.8765 | 0.0679 | -0.1060 | 0.0667 | -0.3423 | 0.0175 | 0.9469 | 0.0767
25 -0.8306 | 0.0728 | 0.1926 | 0.0751 | -0.4780 | 0.0183 | 0.9775 | 0.0856
30 -0.6472 | 0.0744 | 0.4047 | 0.0749 | -0.6949 | 0.0151 | 1.0323 | 0.0862
35 -0.2697 | 0.0452 | 0.3583 | 0.0456 | -0.7770 | 0.0111 | 0.8971 | 0.0414
40 -0.0293 | 0.0499 | 0.2237 | 0.0493 | -0.8500 | 0.0107 | 0.8794 | 0.0246
45 0.0322 | 0.0559 | -0.0253 | 0.0558 | -0.8685 | 0.0097 | 0.8695 | 0.0134
50 0.1949 | 0.0583 | 0.2617 | 0.0590 | -0.8453 | 0.0107 | 0.9061 | 0.0396
55 0.2421 | 0.0573 | 0.3688 | 0.0585 | -0.8770 | 0.0110 | 0.9817 | 0.0460
60 0.4611 | 0.0638 | 0.2569 | 0.0635 | -0.8159 | 0.0138 | 0.9717 | 0.0586
65 0.4687 | 0.0627 | 0.2789 | 0.0645 | -0.7957 | 0.0143 | 0.9647 | 0.0609
70 0.5296 | 0.0663 | 0.2867 | 0.0690 | -0.6998 | 0.0159 | 0.9233 | 0.0715
75 0.6345 | 0.0603 | 0.2896 | 0.0626 | -0.6522 | 0.0148 | 0.9549 | 0.0691
80 0.5370 | 0.0515 | 0.7580 | 0.0517 | -0.4268 | 0.0142 | 1.0223 | 0.0713
85 0.5879 | 0.0684 | 0.7242 | 0.0700 | -0.2210 | 0.0202 | 0.9586 | 0.0995
90 0.3512 | 0.0621 | 0.7455 | 0.0603 | 0.1291 | 0.0191 | 0.8341 | 0.0830
95 0.4383 | 0.0942 | 0.8485 | 0.0878 | 0.3209 | 0.0279 | 1.0075 | 0.1238
100 0.4576 | 0.1081 | 0.3265 | 0.1005 | 0.5707 | 0.0360 | 0.8011 | 0.1283
105 0.5661 | 0.2069 | 0.2266 | 0.1945 | 0.6467 | 0.0734 | 0.8889 | 0.2348
110 0.5717 | 0.1310 | 0.1380 | 0.1212 | 0.7135 | 0.0450 | 0.9246 | 0.1338
115 0.3889 | 0.1300 | 0.3127 | 0.1259 | 0.5991 | 0.0424 | 0.7797 | 0.1479
120 0.5494 | 0.1111 | 0.5019 | 0.1135 | 0.4858 | 0.0389 | 0.8887 | 0.1540
125 0.4279 | 0.1525 | 0.2658 | 0.1498 | 0.3019 | 0.0490 | 0.5873 | 0.2041
130 -0.1953 | 0.1389 | 0.0916 | 0.1359 | 0.4368 | 0.0471 | 0.4872 | 0.1235
135 -0.4847 | 0.1245 | -0.2077 | 0.1117 | 0.6045 | 0.0407 | 0.8022 | 0.1348

Table 6.2: Present reduced Stokes parameRersP, , P,, the coherence

parameterP™ and their corresponding experimental uncertaintesmeasured
using the superelastic technique. The scatteredrasident electron energies are 7
eV and 5.5 eV, respectively.
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Scattering _ — _ — — — .
(dogrees) R || P |, P || P ‘ P
5 -0.3811 | 0.0442 | -0.8315 | 0.0452 | -0.0505 | 0.0123 | 0.9161 | 0.1198
10 -0.9779 | 0.0227 | -0.3096 | 0.0222 | -0.0381 | 0.0058 | 1.0264 | 0.0580
15 -0.8684 | 0.0242 | 0.2991 | 0.0242 | -0.0826 | 0.0068 | 0.9222 | 0.0618
20 -0.5281 | 0.0563 | 0.6598 | 0.0555 | -0.1524 | 0.0153 | 0.8588 | 0.1410
25 0.2014 | 0.0789 | 0.8225 | 0.0774 | -0.3466 | 0.0219 | 0.9150 | 0.1851
30 0.7835 | 0.0745 | 0.1686 | 0.0739 | -0.3966 | 0.0217 | 0.8942 | 0.1730
35 0.8296 | 0.0772 | -0.2607 | 0.0761 | -0.3759 | 0.0257 | 0.9473 | 0.1833
40 0.6281 | 0.0895 | -0.3068 | 0.0879 | -0.3113 | 0.0289 | 0.7652 | 0.2111
45 0.5076 | 0.0948 | -0.6022 | 0.0911 | -0.3314 | 0.0295 | 0.8545 | 0.2209
50 0.2946 | 0.0882 | -0.7159 | 0.0907 | -0.4422 | 0.0297 | 0.8916 | 0.2047
55 0.4344 | 0.1650 | -0.7014 | 0.1705 | -0.6856 | 0.0503 | 1.0727 | 0.3433
60 0.2367 | 0.0701 | -0.2684 | 0.0701 | -0.9016 | 0.0190 | 0.9700 | 0.0803
65 0.0838 | 0.0640 | -0.1076 | 0.0640 | -0.7834 | 0.0211 | 0.7952 | 0.0602
70 -0.0653 | 0.0787 | 0.7918 | 0.0792 | -0.1554 | 0.0238 | 0.8096 | 0.1997
75 0.1330 | 0.0949 | 0.7322 | 0.0978 | 0.6420 | 0.0260 | 0.9828 | 0.1946
80 0.0479 | 0.1110 | -0.0306 | 0.1287 | 0.7123 | 0.0449 | 0.7146 | 0.1173
85 0.4061 | 0.0716 | 0.3725 | 0.0710 | 0.8557 | 0.0222 | 1.0178 | 0.1100
90 0.7387 | 0.0881 | 0.4324 | 0.0835 | 0.7234 | 0.0233 | 1.1207 | 0.1746

Table 6.3: Present reduced Stokes parame®ersP, , P,, the coherence

parameterP” and their corresponding experimental uncertainteesmeasured
using the superelastic technique. The scatteredraident electron energies are 15
eV and 13.5 eV, respectively.
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7 Conclusions

The work presented in this thesis details the Sgberelastic electron scattering
experiments with caesium. Four spin-averaged paeambave been determined in

order to describe the electron-caesium collisiorcess. Specifically, the complete

set of spin-averaged reduced Stokes param¢P, r<P, and P,) and the coherence

parameter P*) have been measured for superelastic electrorgieseof 7eV and

15eV, for a wide range of scattering angles, andpaoed with the predictions of
two of the most sophisticated theories that areectily available, namely the
Convergent Close Coupling theory (Bray and Stettx®992, Bray 2006) and the

R-matrix with pseudostates theory (Bartschat andgFa000, Bartschat 2006).
Additionally, the reduced Stokes parameP,ris reported for 10eV superelastic

electron energy, confirming preliminary results doéaragano\et. al.(2002). The
CCC predictions of Bray (2001, 2005, 2006) are ®ryvgood quantitative
agreement across the entire range of electron ieseagd scattering angles, while
the RMPS predictions of Bartschat (2001, 2005, 20@&nerally compare
favourably, but fail in determining the completeusture of the reduced Stokes
parameters. In most cases this lack of definitigge@ment is probably due to its
higher demand for computational resources leadingldwer, and in some cases

incomplete, convergence.

This experimental study on caesium is the fiftaiseries of superelastic electron
scattering experiments conducted at Flinders UsityerThe previous experimental
studies have included sodium (Scholten 1989), waiciLaw 1994), lithium

(Karaganov 1997) and potassium (Stockman 2000). present work thus
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concludes a set of superelastic electron scattesipgriments spanning most of the
alkali-metal group. Note that the missing elemeuabidium, has been studied at
Griffith University by Hallet. al. (2004). These elements are of particular inteasst
scattering targets because they consist of a smgfler-shell electron orbiting an
“inert” core, thereby simplifying the theoreticaéatment to that of a hydrogen-like
target. This therefore allows a deeper understgnairthe scattering process to be
achieved, without complications due to interactibasveen many electrons within a
target. One of the primary motivations for underigkthe present project is that
caesium, being the heaviest of the alkalis, is idemed to be useful in determining
the role of relativistic effects in electron-atomllisions. The non-relativistic CCC
theory had previously been found to yield very aatai predictions for the other
alkali targets for a wide range of energies (S&mll993, Karaganov 1997,
Stockman 2000, Hall 2004), but this was not expmkdte persist for caesium.
However, during the course of this project, it lhheen found that the CCC theory
can in fact well describe the behaviour of the pedluStokes parameters for caesium
over a wide range of scattering angles at low terinediate energies. Hence it is
clear that any relativistic effects in electron siaen scattering must be very small,
for the kinematical regime investigated in thissise Consequently, a study of these

relativistic effects will require spin-polariseceetron and caesium beams.
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Appendix

Formulae for thereduced Stokes parameter s and the propagation of
errors.

The data collected throughout the superelastic rexpats are derived from the
measured electron count rates at the chosen segttargle and laser polarisation.

The statistical uncertainty associated with suclwnting measuremer is equal

to one standard deviation (see section 5.3):

N =N (eq. Al)
Specifically, each of the Stokes parametBrs P, and P, and the reduced Stokes
parametersP,, P, and P,, for a given scattering angle, are derived frora th

measured quantitieB (the electron count rate with the no laser exoitgtand S
(the electron count rate with the atomic target ped). The measured quantities can

be labelled with the subscrip,, Sy;, Sis, Sz Sier Skuc t0 denote the count

rate for each of the relevant laser polarisatiompleyed to achieve a full set of

reduced Stokes parameters.

Following Taylor (1982), the propagation of erroes be written:

o = :Z‘%&i‘ (eq. A2)
and
F = z%ﬂ (eq. A3),
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where F is a function of the measured quantities with measurement errog; .

Equation A3 is only applicable for quantiti&s which are statistically independent,

otherwise equation A2 should be used.

In chapter 2, the reduced Stokes parameters wéreddsee egs. 2.18 and 2.19):

p=1
Kly+1g

B =t sl (eq. Ad)
K1 (PP

Ezi,l HC_ILHC
K™ Toue e

where the subscript denotes the polarisation ofabker andK and K' are optical
pumping parameters. The electron scattering coate r is found from the

measured superelastic sigralminus the backgroun®. Thus the propagation of

errors forP,, using eq. A2, is:

_ 1
P, =5 (K[ +[Pax) (eq. A5),

where the Stokes parameter, in terms of the exjeetaily measured quantities, is:

— (So B Bo)_(sgo B Bgo)
= (So - Bo)+ (590 - Bgo) (60 A9)

and has a statistical uncertainty (from eq. A3):

\/I S0+B +1 (Sao+Bgo) (eq. A7),

1

(o +|9o)

and therefore following eq. A5,
o=t [
K?

Similarly for P, and P,:

e CELOEH CR

+|P1d<|j (eq. A8).
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\/|135 S45 + B45 +1; (5135 + B135) (eq. A9)

(|45 )
P, = ﬁJ 2 (Se * Banc)* 12 (Sine + Buc) (20 ALO)
and
Zz%{Km\/lm S45+B45)+|2(5135+8135)I+|P6K| (eq. A11)
P, = Kl,z{K' ey e (S Brac)* el + B +|Psd<'|j

(eq. A12).
Thus the statistical uncertainty in each of theuoed Stokes parameters depends on
the count rate of the measured superelastic anliglamd signals and on the
optical pumping parameters. Note that the contigiouby K or &K' to the error
should be considered a systematic rather tharstitati uncertainty. In the case of

the present study, it was assumed thé@t and &K' were unity and zero,

respectively. In this case the errorfyis:

- 4
s = \/I L2Hc (SRHC + BRHC) +1 éHC (SLHC + BLHC) (eq. A13).

(Trrc * 1ie)
The coherence parametét, , was defined in section 2.4:

(eq. Al4).
The statistical uncertainty in the coherence patamdepends on each of the
parametersP,, P, and P,, and their corresponding uncertainties, which &hoot

be considered as statistically independent. Thexefivom eq. A2, the statistical
uncertainty in the coherence parameter is:

&> = p1+ (Pm|+[P,op,| + PP (eq. AL5).
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